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PREFACE 


The development of the mining industry is the foundation on which 
progress of all the major branches of the economy depends: the iron 
and steel industry, machine building, chemical industries, civil 
engineering, etc. The main task of the mining industry is to meet 
the demand for various types of minerals extracted from the Earth's 
interior, and primarily for ores, fuels, natural building materials, 
and raw materials for the chemical] industry. 

Growth of the productive capacity of mines and a rise in labour 
productivity are unimaginable without the application in mining 
theory and engineering of the modern knowledge and advances 
of the fundamental sciences, without developing new methods and 
principles of extracting minerals. 

“The engineering of the future,” wrote A. F. Joffe, member of the 
USSR Academy of Sciences, “is above all applied physics.” These 
words apply in every respect to mining theory and the mining indu- 
stry. The supplementing of mechanical means of extraction and 
preliminary processing of minerals by chemical methods, by the 
use of electricity, electrochemistry, electronics, ultrasonics, etc., 
is one of the most important trends in the theory of mining. 

The adoption of new methods of extraction and processing, howe- 
ver, is hampered by our poor knowledge of the very object of our 
efforts—rocks—and by lack of study of their physical properties 
and the phenomena taking place in them under the action of external 
physical factors. 
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The absence of adequate knowledge about the physical properties 
of rocks impedes the introduction of new methods of drilling, break- 
ing down rock, consolidation, stoping, and primary processing 
of minerals. 


The urgency of studying the physical properties of rocks has 
been repeatedly emphasized by many famous mining scientists 
and engineers and executives of the mining industry. It is therefore 
quite time to develop an independent branch of knowledge, rock 
physics, as study of the physical phenomena in rocks, the laws gover- 
ning their variations, and their practical utilization in mining. 

It is also quite time to develop the chemistry of rock, that is to say, 
of the chemical properties of rocks and methods acting on them che- 
mically, with an eye to creating quite new physicochemical methods 
of extracting useful components from rock masses. It is difficult 
to conceive of these sciences being created only by the efforts of che- 
mists and physicists of general profile. Their researches have so far 
been well away from the problems of mineral extraction. The task 
will only be solved by those physicists and chemists who are directly 
concerned with mining 

The Moscow Mining Institute has been organized and begun the 
training of mining engineer-physicists as specialists in rock physics. 
But every mining engineer, working directly in the various branches 
of mineral extraction and processing, must have a basic idea of rock 
physics, in connection with the development and introduction 
of new physical methods of working rocks. 


The limited volume of this book does not permit the authors 
to deal with all questions and problems of rock physics. Descrip- 
tions of methods of laboratory determination of the physical pro- 
perties of rocks have not been included, as there exists a special 
laboratory handbook on the subject. 

In the authors’ opinion, this textbook should direct the attention 
of future mining engineers to the line of solving all technological 
problems on the basis of knowledge of the physical properties 
of rocks and of the processes taking place in them under the action 
of physical fields, 

The authors are grateful to the staff of the Department and Labo- 
ratory of Rock Physics at the Moscow Mining Institute who contri- 
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buted much to the preparation of this book, and to Professors 
P. E. Zurkov, D. Tech. Sc., G. M. Malakhov, D. Tech. Sc., and 
V. G. Makhlaev, D. Sc. (Geol.) for their valuable comments when 
reading the manuscript. 

Since The Physics of Rocks is eine published for the first time, 
it is possible that there will be some shortcomings, and so all remarks 
on this book will be welcomed with thanks. 


V. V. Rzhevsky 
G. J. Novik 


While corrections have been made to the Russian edition in pre- 
paring The Physics of Rocks for translation, it is still possible that, 
being published for the first time, it has shortcomings that seem 
inevitable with the first edition of any publication. The authors 
will therefore be grateful for any comments on their work. 
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INTRODUCTION 


At the beginning of his conscious activities man limited himself 
to the bare minimum that he found on the surface of the Earth, 
to the most easily accessible minerals. Archaeologists have established 
that in the Paleolithic period man used only about 20 minerals; 
in the Neolithic period the number of minerals used was doubled. 
The first mines for flint, salt, and mineral pigments were developed 
in the Neolithic times. It is characteristic that even then man was 
using minerals in different ways—as tools (flint), as food (salt), 
and for decorative art (pigments). 

Mining was widely developed in the countries of antiquity like 
Egypt, Ancient Rome, and China. Traces of ancient mines have 
been found in the USSR, in the Urals, the Altai, the Ukraine, the 
Baikal region, and Kazakhstan. 

There is evidence that some of the properties of rocks were known 
to ancient miners. In Egypt, for example, rock was loosened 7,000 
years ago by building a fire against it and then throwing water 
on the heated rock, which required elementary knowledge of the 
effect of alternately heating and cooling a body. 

The first state institution in Russia connected with mining—the 
State Department of Quarries—was set up in 1584. In 1700 a Depart- 
ment of Mines was created, and in 1719 the Mines Administration. 

Thus, mining as a branch of industry has a long history; mining 
as a science of mineral extraction developed much later. 

Systematic scientific studies in the fields of geology, mining, 
and metallurgy were begun in Russia by M. Lomonosov after the 
founding of Moscow State University in 1755. Some time later, 
in 1773, a mining school, the Corps of Mining Cadets, was founded 
in Petersburg. It is interesting to note that the importance of physics 
was emphasized in the charter of this school: “It is incumbent 
on mining cadets to study. . . physics . . . for general understanding 
and clear thinking.” 
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At the end of the eighteenth century and the beginning of the 
nineteenth works of V. Severgin were published, and F. Levinson- 
Lessing, a leading geologist and petrographer, developed the first 
classification of rocks on the basis of their chemical composition. 
He also worked on problems of engineering geology, and to him 
is owed the idea of a laboratory of experimental petrography. 

In the nineteenth century the work of the Russian scientists 
V. Karlovich and V. Kurdyumov contributed to the development 
of a new branch of science—soil mechanics dealing with the prob- 
lems of stability of the foundations of buildings, hydraulic structu- 
res, etc. At the same time engineering geology began to develop. 
As a result of wide extension of underground mining, a branch 
of knowledge known as the mechanics of rock masses arose, studying 
the stresses and strains in rocks during the driving of mine workings. 
A major contribution to rock mechanics was made by M. Protodyako- 
nov (Senior), who worked out the theory of rock pressure and gave 
a classification of rocks on the basis of strength that is still used 
today. 

As a result of the wide development and systematization of know- 
ledge of the extraction and processing of minerals at the beginning 
of this century the concept of the “science of mining” appeared 
in place of the old undifferentiated “art of mining”. 

The science of mining has made great advances in the fields 
of discovering deposits, carrying out development and stoping 
work, planning mining work, devising methods for the winning 
of ore, and support of workings, in designing and constructing 
mining machines, electrifying and automating mining operations, 
producing explosives, etc. But study of the physical properties 
of rocks had rather lagged behind, although it is these properties 
of the medium, i.e., the physical properties of rocks and minerals, 
and the conditions of their occurrence in the Eearth’s crust that 
determine the methods of mining and the entire technology of extra- 
cting and processing minerals. This relationship is evident in the 
series of empirical formulas and experimental coefficients that are 
used by engineers and technicians in the field, design offices, planning 
organizations, and scientific institutions. 

Underlying most calculations are mechanical, hydraulic, and 
certain other indices that can be grouped under the heading “Physi- 
comechanical Properties of Rocks”. These indices are the bare primary 
data on rocks, and do not exhaust even their major properties. 

To fill in the gaps in the investigation of rock properties is what 
this new branch of the science of mining—the physics of rocks and 
mining processes—aims at. 

Rock physics is an applied science, studying the physical pro- 
perties of rocks and the processes taking place in them, with a view 
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to utilizing them to solve problems in mining. Its place among the 
other sciences is determined by the methods, objects, and direction 
of the research embraced by it. In its methods of research it is close 
to solid state physics; as regards the objects of its studies it is very 
close to the geological sciences studying rocks and minerals; and 
as regards the direction of its research it stands close to mining 
science. Its initial material is the uncoordinated data on the physi- 
cal properties of rocks accumulated in the various fields of geology 
and mining. 

Since mechanical means of extraction and processing of rocks are 
those most commonly used at present, it is natural that the mecha- 
nical properties of rocks have been studied best. Mechanical pro- 
perties have been studied, for example, in connection with problems 
of roof control, the driving of workings, the breaking. of rocks 
by various mechanical instruments, and in various external condi- 
tions (high temperatures and pressures, etc.). __ 

There are also extensive data on the physical properties of rocks 
in the geological sciences (mineralogy, petrography, geophysics, 
etc.). 

Nevertheless studies of the physical properties of crystals, mine- 
rals, and rocks are mostly incomplete both as regards the properties 
examined and the number of varieties covered. 

The main problems of rock physics may be grouped as follows: 

(1) systematization and study of the complex of physical pro- 
perties of all representative types of rocks; research into the depend- 
ence of properties on various factors and their interrelations; classi- 
fication of rocks according to their physical properties, creation 
of a basis for mathematical representation of the physical properties 
of rocks; 

(2) study of the physical processes taking place in rocks through 
the action on them of various natural and artificial physical fields 
(pressure, humidity, temperature, elastic and electromagnetic 
waves). 

These problems have a direct bearing on achievement of the ulti- 
mate aim of rock physics, i.e., the maximum increase of labour 
productivity in mines and improvement of mineral extraction 
processes. This aim will be realized by developing the following 
applied trends in this field: 

(a) study of the applicability of the physical properties of rock 
and phenomena taking place in them,to obtain various information 
about the properties and condition of masses; 

(b) study of the effect of physical fields on rocks in order to con- 
trol their properties (breaking, consolidation, etc.); 

(c) study of the physical and physicochemical processes and 
special geological phenomena that accompany extraction and pro- 
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cessing of useful minerals; creation of conditions for highly pro- 
ductive and safe employment of mining equipment; creation of means 
to control mining operations, of new physical and physicochemical 
methods of extraction and processing, and of control devices for 
automating production processes, etc. 

Most extraction processes are concerned with the breaking of rocks. 
It is precisely in this respect that the science of mining differs from 
the other engineering sciences, in which the problem is to strengthen 
structures. Obviously, the theory of breaking of rocks must be based 
on the physical laws that develop in rocks under the action of phy- 
sical fields. 

The applied nature and direction of rock physics, and its tendency 
to study not only the physical properties of rocks but also the pro- 
cesses taking place in them when they are worked or processed, 
distinguish this trend in science from that comparatively younger 
branch—petrophysics—which studies the properties of rocks for 
geophysical purposes. 


CHAPTER I 


MINERALOGICAL 
AND PETROGRAPHICAL 
PRINCIPLES OF ROCK 

PHYSICS. 
PHYSICAL PROPERTIES 
OF ROCKS 


1. Minerals and Rocks 


Minerals. By a mineral we understand any naturally occurring 
chemical compound making up a part of the earth’s crust. All 
chemical elements found in a native condition are also treated 
as minerals. 

Minerals may be gaseous (natural gas), liquid (petroleum, mercury, 
water), or solid (ore minerals, etc.). As chemical compounds cannot 
all be stable in the conditions prevailing on Earth, the number 
of natural compounds is limited. Altogether 3,000 different minerals 
are known, the majority being solid crystalline compounds; only 
a few of them are amorphous. 

The distribution of minerals in the earth’s crust is very uneven. 
Only 20 essential minerals, as they are called, play an important 
role in the formation of rocks (see Appendix, Table I). 

In terms of prevalence, the most important are the feldspars 
(sodium, potassium, and calcium aluminosilicates) which make 
up 60 per cent of the upper part of the earth’s crust, the amphiboles 
and the pyroxenes, consHnuting 47 per cent, quartz 12 per cent and 
mica 3.8 per cent. 

The majority of the venvatniler, the so-called accessory minerals, 
are present in rocks in relatively small amounts, but they are of great 
economic significance. Suffice it to note that all the non-ferrous 
ore minerals are regarded as accessory. Accessory minerals have 
a great effect on the different properties of rocks. 

In nature minerals may be found in the form of single well-formed 
crystals, or as grains scattered in the rock, dense and earthy poly- 
crystalline masses, sinters, thin coatings, incrustations, and con- 
cretions. Some of the crystals of quartz, feldspar and spodumene 
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may be of large size, but most minerals are found in the form of small 
crystals. 

Every crystalline substance (including minerals) has its own 
particular space lattice, which establishes the order of distribution 
of matter within it. There are seven definite types (or systems) 
of lattice (see Appendix, Table II), which are characterized by the 





Fig. 1. Space lattices of different crystal systems: 


a — lattice elements; b — crystals of triclinic (1), monoclinic (2), orthorhombic (3), tetra- 
gonal (4), trigonal (5), hexagonal (6), and isometric or cubic (7) systems. -. 


ratio of the crystal axes a, b, c (the least distances between lattice 
points in three directions), and by the angles between them (alpha, 
beta, gamma) (Fig. 4): 


- Monoclinic system: a~b~c; a = y = 90°; B+ 90°. 
. Orthorhombic system: aA bc; a = #Y 
. Tetragonal system: a = bc; a = 
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Meee covalent (homopolar), metallic, or molecular (van der Waals 
orces). 
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When the interacting atoms are electronegative in different deg- 
rees, valence electrons move from the atoms that are less electro- 
negative to those that are more electronegative, as a result of which 
an ionic or polar bond is formed, due to the Coulomb forces of attrac- 
tion. 

Typical minerals with an ionic type of lattice are halite NaCl, 
sylvite KCl, etc. 

If the atoms joined together are equally or almost so electronega- 
tive, then the connecting electrons are situated symmetrically with 
respect to the atomic nuclei, and covalent or homopolar bond is for- 
med. Minerals with covalent bonds include quartz, diamond, etc. 
Minerals possessing such bonds are very hard and have a high mel- 
ting point. 

In the lattice of metals there are only positive ions. The valence 
electrons are separated from their atoms and move readily from one 
ion to another. This type of bond is known as metallic (native gold, 
copper, etc.). 

If the lattice of a crystal is formed not by atoms, but by neutral 
molecules, then they are bonded by electrostatic forces of attraction 
generated as a result of polarization of the interacting molecules. 
These bonds are known as molecular. As the distance r between the 
molecules increases, the strength of the bond falls in the ratio 4/r7; 
it is considerably less than the strength of the bonds mentioned 
above. 

The properties of polycrystalline aggregates depend not only 
on the internal bonds within each crystal, but also on the cohesive 
forces binding the individual crystals together. These forces, for 
the most part, are weaker than those within the crystals and are 
close in magnitude to molecular bonds. 

The properties of single crystals depend on the direction in which 
they are measured, i.e., they are anisotropic. 

In aggregates, the crystals do not usually have any orientation 
and are arranged haphazardly. A polycrystalline mineral aggregate 
is, therefore, on the whole isotropic. 

Crystalline aggregates have different macrostructures, which 
largely determine their properties. The macrostructure is characte- 
rized by the size of the individual crystals and their mutual arrange- 
ment. Granular, fibrous, radiated, oolitic and other mineral aggre- 
gates are common. 

Cleavage is also a characteristic of a number of minerals. It is the 
tendency of a mineral to break along a bright plane surface. The 
occurrence of cleavage is due to the presence of directions of weak 
bonding in minerals. Cleavage is highly developed, for example, 
in mica. The aggregates formed by such minerals are anisotropic. 
Many minerals, such as quartz, garnet, pyrite, have no cleavage. 
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On the basis of their chemical composition minerals are usually 
divided into the following groups: 

(a) native elements—gold, silver, arsenic, sulphur, antimony, 
‘diamond; 

(b) sudphides—chalcocite, Cu,S; sphalerite, ZnS; cinnabar, HgS; 
pyrite, FeS,; 

(c) oxides—cuprite, Cu,0; corundum, Al,03; haematite, Fe.03; 
quartz, Si0,; 

(d) silicates—olivine, (Mg, Fe),[SiO,]; talc, Mg,(OH),[Si,O,,]; mus- 
covite, KAI,(OH),[AISi;0 4]; biotite, K(Mg, Fe) (OH), [AISi,0491; 
serpentine, Mg;(OH),[Si,0;]; kaolinite, Al,(OH),[Si,O,]; potash 
feldspars, K[AISi,0,]; 

(e) ozxy-acid salts—sulphates, tungstates, carbonates, etc. 
eoasdtiie: CaSO,; barite, BaSO,; scheelite, CaWO,; calcite, 

aCO3); 

(f) halides—fluorite, CaF,; halite, NaCl; sylvite, KCl. 

In addition, minerals are subdivided into the following groups 
according to their genesis (origin): igneous, derived either directly 
from a magma or from hot magmatic solutions; exogenous (sedimen- 
tary), formed near the earth’s surface by the action of weathering 
agents (water, wind, acids, etc.); and metamorphic, produced 
at a depth as the result of alteration of other minerals (see Appen- 
dix, Table III). 

It should be borne in mind that the same mineral may often 
be formed in different conditions. Mica, for example, may be igneous 
or metamorphic. 

Rocks. Rocks are aggregates of minerals of more or less invariable 
composition, forming independent geological bodies. A mineral 
is a chemical compound of elements; rock is a mechanical mixture 
of minerals. As a consequence, peculiarities arise in study of the 
properties of minerals and rocks. As already indicated, the properties 
of minerals are a function of their chemical composition and of the 
structure of their crystal lattice. The properties of rocks depend pri- 
marily on their mineral composition and macrostructure, i.e., their 
structural and textural features. 

The percentage content of different minerals in a rock is known 
as its quantitative mineralogical composition, and is one of its 
basic determining features (see Appendix, Table IV). 

The following types of rocks are distinguished according to the 
nature of the linkage between individual grains: 

1. Friable rocks or simple mechanical mixtures of different mine- 
rals, or of the grains of one mineral not at all interconnected (sand, 
gravel, pebble). 

2. Coherent or argillaceous rocks with water-colloidal bonds hol- 
ding the particles together, distinguished by high plasticity when 
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saturated with water; they embrace predominantly the products 
of chemical weathering—clays, loams and bauxites. 

3. Hard rocks with rigid elastic bonds between the mineral par- 
ticles (sandstones, granites, diabases, gneisses). The bonds between 
the mineral grains are strongest in hard rocks. 

The most important features of the constitution of rocks are their 
texture and structure. 

By texture we understand the amorphous or crystalline character 
of rocks, the size and shape of the mineral grains, and the nature 
of the bonds between them. The main types of texture are given 
in Table 1*. 


TABLE 1. Textures of Rocks 





Texture Rock characteristics 
Crystalline 
coarse-grained ....... Rock consisting wholly of crystalline grains; 
grain size from 1 cm to 5 cm 
medium-grained ...... Grain size from 1 mm to 10 mm 
fine-grained .... 2... Grain size less than 1 mm 
aphanitic ......... Grains distinguishable only under a lens 
Cr votocrystalline SF he Se Eee ol Crystals not visible even under the micros- 
cope 
G1aSS8Yi.3, Boe ce a er 8 A Solid glassy mass 
Porphyritic .......0.. Large grains embedded in a generally glassy 
or crystalline groundmass 
Clastic; « oases Se a ecw Rocks consisting of cemented fragments of 


older rocks 





By structure is meant the mutual setting of texturally similar 
parts of a rock. The most important types of structure are the fol- 
lowing: 

(a) massive in which the rock particles have no orientation and 
are densely packed; . 

(b) porous in which the rock particles are not densely packed and 
form many fine pores; 

(c) stratiform in which the parts of the rock alternate, forming 
beds or stratification. 

In petrography, a great variety of textures and structures are 
described, but the types mentioned here are decisive for the physical 
properties of rocks that have some bearing on problems of their 
extraction and processing. 


* We give here the most characteristic types of rock structure. For more 
details of their texture and structure, a textbook on petrography should be 
consulted. : 


Q* 
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Every rock has a name that gives a general idea about its mineral 
composition and structure. Granite, for example, is a rock consisting 
mainly of feldspars, mica (5 to 10 percent) and quartz (25 to 30 per 
cent). If the quartz content of the rock is less than 25 per cent, mica 
makes up 15 per cent and potash feldspar is replaced by plagioclase, 
then it is known as granodiorite. If a rock with the same mineral 
composition has a porphyritic texture (big crystals of feldspar), 
then it is known as granite-porphyry. 

It should be noted that there is still no unanimity in petrography 
about what should be the limiting amount of mineral in a rock for 


Q 





20% 40% 70% 50% 


Fig. 2. Mineralogical classification of igneous rocks after Ginzburg and others: 


Q — percentage of quartz; A — percentage of alkali feldspars; P — percentage of plagiocla- 

ses; 1 — alaskites; 2 — potash-feldspar granites; 3 — normal granites; 4 — granodiorites; 

5 — plagiogranites; 6 — tonalites,; 7 — quartz syenites; 8 — quartz monzonites; 9 — quartz 
diorites; 70 — syenites; 11 — monzonites; 12 — diorites. 


a change of nomenclature. In Ginzburg’s classification of igneous 
rocks, for example, in which quartz (Q), alkali feldspars (A), and 
plagioclases (P) (see Fig. 2) are taken as the rock-determining mine- 
rals, both granite and granodiorite may have the same range of quartz 
content (20 to 60 per cent). 

Sedimentary rock consisting of the mineral calcite is known 
as limestone, and rock consisting of dolomite is known as dolomite, 
but rock with mixed composition is called dolomitized limestone 
(where calcite is quantitatively predominant). 

Thus the transition from one rock to another is very gradual and 
there is often no sharp boundary between the different types, which 
complicates the study of all types of rock and their physical pro- 
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perties. Obviously it is impossible to gain an idea of the properties 
of rocks only from their nomenclature. Only exact knowledge of their 
mineral composition and constitution makes it possible to predict 
their physical properties. 

Both the mineral composition and structure of rocks are determi- 
ned by their origin (genesis) and the action of various external factors 
(movement of the earth’s crust, the action of wind and water, pres- 
sure, and changes of temperature) during the whole course of their 
existence. 

Rocks are divided into three major groups according to their 
origin (see Appendix, Table V). 

(1) The igneous rocks which are formed by the cooling of magma 
and are the primary rocks (granite, syenite, dunite, gabbro, basalt, 
diorite). They are, according to their silica content, conventionally 
subdivided into acidic (SiO, > 65%), intermediate (SiO, = 65-52%), 
basic (SiO, = 52-40%), and ultrabasic (SiO, < 40%). 

The most common acidic rocks are granite, liparite and quartz- 
porphyry; the most common intermediate rocks—diorite, andesite, 
syenite, and trachyte; the most common basic rocks—gabbro and 
hasalt; and the most common ultrabasics—peridotite, pyroxenite, 
and dunite. 

(2) The sedimentary rocks which are formed by the depositing 
(mechanical, chemical, or organic) of the products of weathering 
of igneous and metamorphic rocks from water or air (limestone, 
sundstones, tripolite or diatomite, coal, sedimentary iron ores, etc.). 

(3) The metamorphic rocks which are derived from previously 
furmed rocks of any kind (igneous or sedimentary) through the action 
of high pressure or temperatures, and the chemical action of hot 
liquids and gases (quartzite, schists, gneisses, marble). 

The dependence of mineral composition on the genesis of rocks 
is expressed in the existence of a number of minerals belonging 
1a well-defined genetic groups. Thus leucite, nepheline and anortho- 
clause are characteristic of igneous rocks; garnets, talc and serpen- 
‘ine of metamorphic rocks; calcite, gypsum, dolomite, halides, 
knolinite, etc., of sedimentary rocks. 

In exactly the same way the structure of rocks reflects the condi- 
lions of their formation. In magmatic rocks, for example, the size 
uf the crystals, their shape and the presence or absence of a glassy 
uuiss are determined by the pressure and rate of cooling of the mag- 
mu. With sedimentary rocks, the conditions of sedimentation and 
subsequent changes are the factors that determine their stratification 
wnd porosity, the mode of cementation of the clastic material, and 
‘won. In metamorphic rocks the temperature and composition of the 
hot solutions, and the character and duration of action of the pres- 
sure determine the degree of metamorphism of the rocks, their recry- 
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stallization and, consequently, the parameters of their structure 
{schistosity, porosity, granularity). 

There is practically no stratification in igneous rocks, while 
it is one of the basic structural features of the sedimentary series. 
Magmatic and metamorphic rocks are generally less porous, while 
sedimentary rocks are very much so. 

The mode of origin of rocks does not, however, determine uniquely 
their mineral composition and structure, and, consequently, their 
properties. Their genesis cannot, therefore, serveé:-as.a basis for 
classification according to their physical properties. 

There are many other classifications of rocks based on differences 
in their mineral composition, structure, etc. 

Classifications of rocks based on mineral composition and struc- 
ture enable one to estimate their physical properties more exactly. 

A peculiarity of rocks distinguishing them from homogeneous 
compounds and complicating their study is their multi-aggregate 
character. Moreover, their lack of homogeneity is accentuated 
by their porosity and fracturing. The pores and fissures in rocks 
under natural conditions are filled by gases and liquids (water 
of various degrees of mineralization, petroleum, etc.). As a result, 
such rocks may be represented as aggregates consisting of three 
phases: solid (mineral skeleton), liquid and gaseous. Their proper- 
ties vary widely according to the composition and ratio of these 
phases. 


2. Classification of Physical Properties 
of Rocks and Factors Determining Them 


By any physical property of a rock we understand its specific 
behaviour under the action of some physical field. A property 
is usually characterized by some quantitative index defining this 
action. 

Mining practice and theory utilize all the properties of rocks, 
relating to their mechanics, thermodynamics, and electrodynamics 
(Table 2), and their technological properties. 

All properties due to the static or dynamic action of solid bodies 
on rocks are embraced by rock mechanics. The elasticity and 
strength of rocks and their rheological properties depend upon the 
magnitude and duration of this action. 

Frequently applied alternating loads give rise to elastic waves 
in rock. The properties characterizing the capacity to transmit 
these waves are known as acoustic. 

The action of liquids or gases (either static or dynamic) gives rise, 
respectively, to’a series of hydraulic and gas-dynamic properties 
in rocks, which can also be included in mechanics, since mechanics, 
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TABLE 2. Basic Physical Properties of Rocks 
. Unit of 
Properties parameter Symbol | measure- Definition 

Density Apparent spe- V g/cm3 | Weight of a unit volume of 
cific gravity | (gamma) | (N/m3) rock in its natural state 
me (with its pores, joints, 
hat etc.) 

P . Relative volume of all pores 
contained in a unit volu- 
me of rock 

Mechanical | Ultimate com-| Ocom kg/cm? |Critical value of uniaxial 
pressive (sigma) | (N/m2) compressive stress at 
strength which a rock breaks 

Ultimate Oten kg/cm? | Critical value of uniaxial 
tensile (N/m?) tensile stress at which a 
strength rock breaks 
Young’s modu-} £ kg/cm? | The ratio of the acting lon- 
lus (N/m?) gitudinal stress to the cor- 
responding relative longi- 
tudinal strain (conventio- 
nal stress, at which a 
specimen experiences rela- 
tive elastic strain, equi- 
valent to unity) 
Poisson's ratio v - The ratio of elastic longi- 

(nu) tudinal strain to elastic 
lateral strain under nor- 
mal uniaxial stress (ratio 
of lateral deformation to 
longitudinal deformation) 

‘Thermal Thermal con- Hy W/m-°C} Quantity of heat passing in 
ductivity (lambda) unit time through unit 
section in a direction per- 
pendicular to that section 
with a difference of tem- 
erature of 1°C over unit 
. istance 
Specific heat ¢ J/kg-°C | The amount of heat required 
to raise the temperature 
of 1 kg of a_ substance 
. through 1°C 

Coefficient of B 1/°C |The percentage increase in 
linear expan-| (beta) the dimensions of a body 

sion (expan- on heating through 1°C 

sivity) 

Electromag- | Electrical resi- 0 ohm-m | The reciprocal of the inten- 

netic stivity or | (rho) sity of a current passing 
specific resi- through unit area of a 
stance specimen at anelectric field 


strength in the specimen 
equal to unity 
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TABLE 2 (continued) 














Basic Unit of 
Properties parameter Symbol | measure- Definition 

ment 

Dielectric con- _ Coefficient showing by how 

stant or rela- (epsilon) much the electric field in- 

tive permit- tensity falls when a rock 

tivity epecimgn is placed in the 

Magnetic _per- py _ Coefficient showing a change 

meability (mu) in the intensity of a mag- 


netic field when a rock 
specimen is brought into it 


in the broadest sense, deals with all the properties developed 
in rocks by the effect of any material field (solids, liquids or gases). 
The properties that develop in rocks due to the effect of heat fields 
are treated as thermal, and those associated with the effects of ele- 
ctrical, magnetic, or electromagnetic waves as electromagnetic. 
The radiation properties of rocks developed as a result of the action 
of a flux of microparticles or electromagnetic waves (X-rays, gamma 
rays) on rocks can also be conventionally regarded as electromagnetic 
properties. 

The technological properties of rocks (Table 3)—hardness, abra- 
siveness, strength, rigidity, drillability, blastability, resistance 
to cutting, temperature resistance, etc.—refer to different conditions 
of the breaking of rocks under complex stressed state, but each 
of them has narrow limits related to the application of certain 
techniques, machines, or technological media acting upon the 
rock. Thus, the technological indices reflect the complex of pro- 
perties of rocks and are a function not solely of the rock itself but 
also of the mechanism acting on it. 

Three groups of properties are widely used today: mechanical, 
thermal and electrical (see Table 2), corresponding to the three 
modes of affecting the rock and the three forms of energy that pre- 
dominate in modern mining. 

Of the mechanical constants of hard rocks, that most widely 
used is their compressive strength, Ocom. It correlates well with the 
principal mechanical means of acting on rocks (rate of drilling, 
unit expenditure of explosives, productivity of machines, etc.) 
(Fig. 3). The compressive strength is characterized by the maximum 
amount of stress which a rock can withstand. Other strength con- 
stants are much less in magnitude than Ogom; the tensile strength 


TABLE 3. Physicochemical and Technical Parameters of Rocks, 
Most Commonly Used in Mining 





Parameter 


Definition 





Coefficient of strength (Proto- 
dyakonov’s scale) f 


Hardness H (indentation hard- 
ness) 
Contact strength F,, kg/mm? 


Toughness 


Abrasiveness kap, cm3/m-kgf 


Crushability (breakability) 


Drillability (unit progress of 
drilling), m/min 


Blastability (unit consumption 
of explosive), kg/m3 

Unit amount of drilling, m/m3 

Unit force of cutting 


Coefficient of brittleness 
Coefficient of plasticity 


Water permeability (coefficient 
of percolation) ky, m/day 
Natural moisture content w 


Moisture capacity w’ 


Index characterizing relative resistance of 
rocks to breakage during extraction; ap- 
proximately equal to one hundredth of 
ultimate compressive strength . 

Resistance of rocks to indentation by an 
indenter 

Load at which brittle rupture of rock oc- 
curs, when it is pressed over an area of 
contact of 1 mm2 

Relative index characterizing the resistance- 
of rocks to forces tending to separate 
them 

Capacity of rocks to wear away metals by 
riction, estimated by the volume of the- 
metal lost for a unit path of movement. 
over the rock, when the metal is pressed: 
to the rock under 1 kg prvesule 

Consumption of power for dynamic crushing: 
of a unit volume of rock 

Degree of resistance of rock to breaking by 

rilling tool, expressed by the length. 
of blast hole drilled in unit time 

Degree of resistance of rock to breaking by 

lasting, expressed by the amount of ex-- 
plosive consumed to break 1 m3 of rock 
in a mass 

Number of metres of blast holes needed to. 
break 1 m3 of rock in a mass 

Force developed by the blade used in cut- 
ting, referred to the unit of its length 

Parameter equal to the ratio of the work 
done to strain a rock purely elastically 
to the overall work done to break the- 
specimen 

Parameter equal to the ratio of the total 
work done to break a specimen to the: 
work done to cause elastic strains before: 
failure 

Rate of percolation of water at gradient of 
pressure equal to unity 

Quantity of water contained in rocks in: 
natural conditions of occurrence; equal to- 
the ratio of its weight in a rock to the. 
weight of dry rock 

Capacity of rock to absorb water, expressed 

y the ratio of the weight of the water 
con iauned in a rock to the weight of dry 
TOC 
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TABLE 3 (continued) 





Parameter Definition - 


Coefficient of water saturation | Index showing the degree of saturation of 
kwes rock with water and equal to the ratio 
of the natural moisture content of rock 
to its total moisture capacity 
Yield of water & (xi) Quantity of water outflowing from a rock 
under the action of gravitational forces; 
equal to the difference between total 
molecular moisture capacity and maximum 
moisture capacity 
Wettability or wetting capacity | Capacity of rock to be coated with a film 
(boundary angle) 0 (theta) of liquid, characterized by the angle bet- 
. ween the plane of a solid and the tan- 
gent to the surface of a drop, drawn from 
the point of its contact with the body 
Swelling Ability of rock to increase in volume with 
water saturation, evaluated by the ratio 
of the volume of the swelled rock to its 
original volume 
Softening or soaking (water- | Decrease inthe strength of rocks with water 
proofness saturation, determined by the ratio of 
ultimate strengths of rocks before and af- 
ter saturation with water 
Shrinkage Capacity of rock to decrease in volume due 
to evaporation of moisture 
Lower limit of plasticity of | Minimum moisture content at which brit- 


ground tle failure of ground does not occur 
Upper limit of plasticity of | Minimum moisture content at which ground 
ground flows 
Bulk weight yy, kg/m? Weight of unit volume of loose rock in its 
heaped-up state 
‘Granulometric composition A characteristic of loose rocks capa the 
percentage content of particles of diffe- 
rent coarseness (the proportion of grade 
sizes) 
Angle of repose Po The angle formed by the free surface of 
loose rock with the horizontal plane 
Looseness factor k; Ratio of a volume of loosened rock to its 
volume in a pillar 
Angle of internal friction » The ratio of the increments of maximum 
shearing and normal stresses under brea- 
king loads 
‘Cohesion (cohesive strength) Strength of rock in pure shear (without 
K’, kg/cm? axial pressures) 





Oten, Which is also one of the principal properties of rocks, has 
a minimum value. 

The amount of energy spent on breaking a rock is directly depen- 
dent on its elastic constants. The distribution of acoustic and shock 
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waves in rocks depends on their elastic properties. Therefore the 
modulus of elasticity E and the Poisson's ratio v are also the most 
important physical: properties of rocks. 

The thermal properties of rocks are characterized by the following 
parameters: thermal (heat) conductivity 4, specific heat c, and the 
coefficient of linear expansion B. The first two define the process 


(a) (b) 
P, kg/mm? v,cm/min 
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Fig. 3. Dependence of some mining operations on compressive strength of rocks: 
a — force of cutting; b — rate of drilling by rotary drilling machines; c — unit expenditure 
of explosives in driving mine workings. 


of distribution and accumulation of heat in rocks, and the third 
determines the change in the dimensions of the volumes of rock 
being heated. All of them find wide application in various mining 
processes, since all the existing methods of thermal and electrother- 
mal breaking of rocks are based on thermal expansion. 

Electrical resistivity or specific resistance p, dielectric constant 
or relative permittivity ¢, and the angle of dielectric loss or power 
factor tan 6 are the basic electromagnetic parameters of rocks. They 
define the behaviour of rocks in direct and alternating electric fields 
and the nature of the distribution of electromagnetic energy in rocks. 

In addition, it is necessary, for ferromagnetic and antiferromagne- 
tic rocks, to consider their magnetic permeability wp. 

Like all substances, rocks are also characterized by density para- 
meters—specific gravity, apparent specific gravity, density and porosity. 
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The basic initial factors determining the physical properties 
of rocks are their mineral composition and structure. These are 
inseparable from the nature of the rock, belong to it, hence they are 
called internal factors. Degree of heating, pressure, wetting, presence 
of electrical and magnetic fields, and so on, also affect the properties 
of rocks. These factors, involving the effect of the environment, 
are called external. They are distinguished by the indices of the 
material or energy fields acting on the rock, e.g., mechanical field 
(pressure), thermal field (temperature), electric and magnetic fields, 
material field (environment, liquid or gas saturation, exogenic 
impurities). 

Not all the properties of rocks respond equally to changes in their 
‘structure or mineral composition. All the indices of physical pro- 
perties may be divided into two groups: (a) scalar indices of a static 
accumulating character (specific gravity, heat capacity, bulk modu- 
lus, coefficient of volume expansion, etc.), and (b) tensor indices 
characterizing the transmission of energy from one part of a rock 
to another (elastic properties, strength properties, heat or thermal 
conductivity, electrical conductivity, etc.). 

The indices of the first group are almost completely determined 
by mineral composition, while those of the second group are highly 
sensitive to variation of structure. 


3. Effect of Internal and External Factors 
on the Properties of Rocks 


For research purposes, as well as for practical utilization of the 
properties of rocks, it is essential to know precisely their quanti- 
tative relationships to the mineral composition. But as there is 
no unique quantitative characteristic of the latter, such relation- 
ships have not yet been established for most rocks. 

The effect of mineral composition on properties has been studied 
most fully for compact equigranular rocks with few pores. With 
these, the scalar physical properties can be represented by a weighted 
average of the properties of the component minerals: 


n 
Ly= pa xiVi 
i= 


where x 9 = physical constant of the rock 
x; = physical constant of the mineral forming the rock 
V; = relative content of the mineral. 
Minerals do not change the properties of rocks to the same degree. 
If a rock is formed of several minerals not differing much in their 
properties, then their varying content in the rock will not practically 
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bring about any change in its properties. But if, on the contrary, 
one of the rock-forming minerals differs essentially from the others, 
its amount in the rock will appreciably affect the latter’s properties. 

Consequently some minerals may be grouped on the basis of their 
almost identical properties, for which one dominant mineral and 
the mineral most contrasted to it are singled out. Combination 
of these two minerals will determine, within sufficient accuracy, 
the basic properties of the rock of a given group, with due allowance 
for its structural peculiarities. Some minerals may have approxi- 
mately the same mechanical properties, but differ sharply in their 
electrical and thermal properties. Therefore the mineral determining, 
say, the degree of electrical conductivity does not always determine 
the strength of a rock, and in grouping minerals this has to be borne 
in mind. 

The mineral composition of rocks does not by itself determine 
the magnitude of their tensor properties, so that it must be conside- 
red in relation to the indices of their structure. 

For mining operations there is no need to differentiate many 
groups of rocks on the basis of structure because only those types 
of structure are significant that are capable, within practically impor- 
tant limits, of modifying their physical properties. The indices 
concerned are the size, shape, orientation, and homogeneity of the 
grains constituting a rock and its amorphousness, stratification, 
and porosity. 

The properties of rocks also depend upon their mechanical condi- 
tion—the degree of erosion, fracturing, parting, and cleavage. Ero- 
sion manifests itself in alteration of the mineral composition (for 
example, kaolinization) or in intensification of porosity, fracturing, 
etc. Microfissuring can, as a first approximation, be taken as poro- 
sity. The structural parameters are easily evaluated by quantitative 
indices; stratification, for example, is estimated by the number 
of layers in a unit volume of rock, and so on. Only those parameters 
such as shape of grains, shape of layers, shape of pores, and the natu- 
re of the forces binding the rock particles are neglected. 

The dependence of rock properties on the grain size is due to the 
fact that the area of contact between the grains in unit volume 
of rock changes with change of size. At the same time the grain 
contact properties are almost always different from the internal 
properties of the grain. 

The layered structure of sedimentary and metamorphic rocks 
is the cause of their anisotropy. Properties determined along the 
layers are usually different from those determined perpendicular 
lo the layering, because the properties of the interlayers differ 
and the strength of the bonds between the particles in each individual 
layer and at the contacts of layers varies. 
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The anisotropy of layered rocks is characterized by the coeffi- 
cient of anisotropy 
ial 


ee 
where = properties parallel to the stratification 
= properties perpendicular to the stratification. 

Miers and rocks which have no layers of differing composition 
but have cleavage (mica), cleat (in coal), schistosity, jointing may 
be anisotropic as well. In all these cases oriented planes of weakness 
develop in the rock and the indices of properties determined along 
these planes will differ from those 
determined along transverse dire- 
ctions. 

Porosity has great influence on 
the physical properties of rocks. 
Dry porous rocks consist of a mi- 
neral skeleton and the air filling 
the pores. The values of the physi- 
cal parameters of air, in compari- 
son with those of the mineral, are 
zero or Close to it. 

The air in the pores conducts any 
type of energy badly; therefore 
the transmission of energy in rocks 
is performed only by the mineral 
Fig. 4. Graph showing the depen- skeleton. An increase in porosity 
dence of a physical parameter x educes the relative area of the 

on porosity P of rocks. as 

energy-transmitting channels, so 

that the parameters associated 
with the conduction of energy decrease in value. But porosity, spe- 
cially when pores are large and open, increases the number of chan- 
nels through which substances (liquids or gases) may be conveyed. 
Porosity then plays the role of a variety of rock structure. Only in the 
case of properties associated with the accumulation of energy (for 
example, heat capacity), do gas- or liquid-filled pores become a cha- 
racteristic of rock composition. 

The simplest relationship between any parameter decreasing with 
porosity and the porosity itself P can be expressed by the following 
formula (see Fig. 4): 





xr=2,(1—P/ 


where xz) = parameter of rock property when porosity P = 0 
x =same when 0<P<1 


3. EFFECT OF INTERNAL AND EXTERNAL FACTORS 31 


This formula shows that (a) a parameter with a greater initial 
value of zo depends more strongly upon porosity; (b) the indices 
of two rocks become closer in value (with increase in porosity) 
irrespective of the differences in their initial values, that is, an in- 
crease in porosity reduces the effect of mineral composition on their 
properties; (c) the effect of porosity becomes negligible when the 
values of P are close to zero. 

Since the properties depend not only upon the relative volume 
of pores in a rock, but also upon their shape, and the way they are 
distributed, the functional relationship of the properties of rock 
to its porosity cannot be established. 

If a rock has a matrix structure, that is to say, if a certain mineral 
forms its fabric, while the others present are inclusions, then its 
properties are basically determined by the properties of the mineral 
forming the matrix, since the matrix receives the load and transmits 
stresses or energy. The matrix may be formed by a homogeneous 
mineral, by a compact polymineral framework, by a glassy mass, 
or by various cements. 

Effect of External Factors on the Properties of Rocks. The mate- 
rial field most frequently takes the form of various liquids (water, 
petroleum) and gases filling the pores, fractures, and voids in a rock. 
Its effect on the properties of the rock is brought about in two ways: 
as a constituent of the rock and as a physicochemically active 
medium, affecting the mineral skeleton. 

In the first case, the properties of the rock are determined as 
a cumulative index of the properties of the mineral skeleton and 
those of the liquids or gases saturating it. In the second case, its 
properties become, in addition, a function of the degree of intera- 
ction between it and the external material field; with saturation, 
changes may then be observed in various directions. 

The mechanical field (pressure) also changes the properties 
of a rock, mainly through compaction under the load pressure, the 
closing of pores, increase in the area of contact of grains, and con- 
sequently of stress- and energy-conducting channels. All dynamic 
indices (for example, strength, elastic properties, heat conducti- 
vity) usually increase with increase of pressure. 

The pressure may be of different types—uniaxial, biaxial, tria- 
xial uniform (hydrostatic), triaxial nonuniform, and so on. Pro- 
perties also vary with the nature of the pressure because the mineral 
grains are redistributed differently in the volume of the rock compres- 
sed. Hydrostatic pressure has the greatest compacting effect, and 
the rocks occurring at depth are usually in just such condi- 
tions. 

Under very high pressures not only are the macrostructures of rocks 
rearranged (compaction), but the internal potential of their ions 
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and atoms is also increased, which in turn, affects the properties 
of the rocks. 

A heat field brings about changes in rock properties due to the 
various thermodynamic processes taking place in them at increased 
temperatures. 

An increase in temperature enhances the amplitude of oscillation 
of the particles in the crystal lattice and accordingly weakens the 
bonds between them, makes it easy for ions to escape from lattice 
points, causes rearrangement of the lattices in some minerals 
(polymorphic transformations), leads to the development of inter- 
nal thermal stresses due to the varying thermal expansion of diffe- 
rent minerals, and gives rise to caking, decomposition, melting, 
sublimation, or the evaporation of individual minerals and rocks. 

Low temperatures also change the internal constitution of rocks 
and the strength of the bonds between separate particles. Therefore 
the action of heat leads to the transformation of rock properties 
in various ways. 

The intensity and frequency of electrical, magnetic, and electro- 
magnetic fields greatly affect the electromagnetic properties of rocks, 
which is explained by the effect of energy on their particles, as 
a result of which electric and magnetic orientation (polarization 
and magnetization), or excitation of their electrons and ions takes 
place in them. The rearrangement of particles under the action 
of electric and magnetic fields also leads to transformation of other 
properties of rocks, e.g., their thermal and mechanical properties. 
Any rock occurring in natural conditions may experience the action 
of any of these external fields. 

All rocks are wetted to some extent or another. In rock masses, 
there is rock pressure due to the weight of the overlying strata and 
to the side pressure of the enclosing rocks; and at great depths there 
are, in addition, high temperatures. There are also natural electric 
and magnetic fields. 

The action of external factors not only results in a quantitative 
transformation of properties, but also in a qualitative change in the 
rocks themselves. As a result of movement of the earth’s crust, 
or of the action of wind and water, fluctuations of temperature, etc., 
rocks are eroded and become porous or friable, or are consolidated. 


4. General Considerations for Studying 
the Mineral Composition, Structure, 
and Properties of Rocks 


The physical properties of pure chemical compounds and elements, 
which are homogeneous both in composition and structure, are those 
that have so far been studied most fully. But in studying minerals 
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there are a number of difficulties. The grains of minerals are gene- 
rally not chemically pure. There may be various impurities in them 
due to the capture of foreign material by the growing crystal, or to the 
ingrowth of. one mineral into another, or to the presence of solid 
solutions, etc. Crystals may have various mechanical distortions, 
show traces of weathering, and so on. 

Even greater difficulties crop up in studying rocks. As a result 
of a great lack of homogeneity, one and the same rock from diffe- 
rent deposits may sometimes have essentially different indices. 
Moreover, sharp differences in magnetic, electrical, and other pro- 
perties are observed even in the rock of a single deposit. 

In studying rocks, their mineral composition and structure are 
first determined. This can be done by various methods with diffe- 
rent degrees of qualitative and quantitative accuracy. 

The simplest way of determining the minerals in a rock qualita- 
tively is through the features characteristic of them: their form, 
colour, lustre, cleavage, hardness, magnetism, combustibility, 
smell, roughness. Special tables of the easily detectable characte- 
ristic external features of minerals have been published. 

External features are often not sufficient for exact identification 
of a mineral. The characteristic reactions of certain minerals with 
acids, alkalis, etc., are then used for the purpose. Thus calcite can 
always be identified by the vigorous evolution of carbon dioxide 
gas under the action of cold hydrochloric acid. 

The blowpipe method is also used; with it the changes in the 
minerals due to the action of high temperatures in various chemical 
environments are observed. 

For more elaborate investigation of rocks, microscopic methods 
are used. For these purposes, slides (thin sections) with a thickness 
of 0.02 or 0.03 mm are prepared from rocks, and are then studied 
under a polarizing microscope. In this way, the mineral composition 
of the slide, the outlines of the individual minerals, cleavage cracks, 
the refractive indices of the minerals, inclusions of glass, liquids 
or gases, and the size and colour of the minerals are studied. The 
microscope makes it possible not only to determine the presence 
of various minerals in rocks, but also to describe their structure 
in detail. Similar investigations are also made with the electron 
microscope. 

To determine the relative quantity of minerals in a rock, fractio- 
nation (separation) of the minerals, and techniques of chemical ana- 
lysis with quantitative determination of the elements in. the rock 
are utilized. Knowing the chemical composition of a rock it is pos- 
sible to calculate its quantitative mineral composition. 

For semi-quantitative identification of minerals the X-ray diffraction 
(interference method), and X-ray spectrum analysis are widely used. 


3—438 
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The interference method is based on the diffraction of X-rays 
passing through the crystal lattice of a substance. Each atom be- 
comes the centre of dispersion of X-rays. By mutual interference these 
waves give crests along definite directions. If the crests are recorded 
on a photographic plate, then, in addition to the central track of the 
ray, one can see the less intensive but regularly distributed tracks 
of the diffracted rays. From their location and relative intensity 
it is possible to deduce the position of the dispersing centres in the 
crystal lattice. Each type of lattice and mineral has its own indi- 
vidual diffraction pattern, which enables one to determine minerals 
and study their crystal structure (this method of studying fixed 
single crystals is known as Laue’s method). 

There are also other techniques. Debye’s method is based on the 
fact that not only a single large crystal but also an aggregate of chao- 
tically arranged small crystals produce sharp interference rings 
on a photographic plate when irradiated. A small quantity of powder 
of the substance being studied is usually irradiated. Debye’s method 
is applicable to all crystalline bodies. The absence of interference 
rings shows that the body is in an amorphous state. One may study 
the crystal lattice of minerals, the elastic and plastic deformations 
of crystals, instantaneous stress, and the mineral composition of rocks 
by this method. 

Study of mineral composition is possible, because the X-ray 
patterns of a mixture of minerals are superimposed on one another 
without any mutual interference. By comparing the X-ray patterns 
obtained with those of pure minerals, it is possible to decide what 
impurities are present. 

Only those phenomena that give rise to a change in the crystal 
lattice can be reflected in the diffraction pattern; conversely, pheno- 
mena that do not affect the lattice will not be reflected. So it is most 
important that minerals can be identified by the interference method 
independently of the orientation of the crystal faces. 

Because of the absence of conditions for free growth, the crystals 
in rocks are often distorted in form and are very fine, inyisible to the 
naked eye. A Debye powder diagram will give an undistorted 
pattern of the lattice structure, if the crystals are not smaller 
than 10-® to 10-® cm in size. 

Whereas the interference method enables us to obtain informa- 
tion on the nature of the chemical bond in minerals, X-ray spectrum 
analysis makes it possible to establish the presence of all the ele- 
ments occurring in a mineral, whatever the nature of the chemical 
compounds. 

Spectrum analysis is based on the fact that under definite circum- 
stances all atoms emit characteristic X-rays. Depending upon the 
way in which the spectroscopy is implemented, the mineral under 
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examination is either accommodated in the anticathode of the 
X-ray tube and bombarded by fast electrons, or is irradiated by 
X-rays. In the first case, the primary spectrum of the rays emitted 
is observed, and in the second case, the secondary spectrum. 

In practice it is possible by means of spectrum analysis to discover 
all elements with atomic weights greater as compared with potas- 
sium. 

Thermo-spectrum analysis (photographing the optical spectra 
of burning minerals), and thermography (recording of the temperature 
changes when minerals are heated) are also utilized to investigate 
the chemical and mineral composition of rocks. 

Study of the physical properties of rocks must be carried out with. 
due consideration of the factors of their structure and mineral com- 
position; therefore the specimen investigated must be representative, 
which means that the most characteristic distribution and relative 
proportions of the minerals in the rock must be observed. The general 
rule is to employ specimens of the maximum size required by the 
method adopted; all partial inhomogeneities are averaged, and 
properties approximating their true values for a given rock obtained. 

When there is layering, schistosity, or cleavage, the properties. 
of the rock must be determined along the plane of stratification as well 
as across it. 

In consequence of both the structural and the compositional 
variety of rocks, study of their properties has to be based on the 
basic principles of the theory of probability and mathematical sta- 
tistics. Thus to obtain reliable results, it is necessary to make a num- 
ber of measurements on many specimens of each type of rock. 

If n determinations have been made for the parameter x; (of one 
type of rock or mineral), then, according to Gauss’ postulate, the 
arithmetic mean of all the data will be closest to the true value: 


n 
» 
i=1 
n 
From the data of the experiment the following items may be 


calculated: 
(a) the root-mean-square or standard deviation of a single result 


r= 


(b) the coefficient of variation 
= 52. 100% 
z£ 


3e 
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(c) the confidence interval at a corresponding probability level 
(most commonly 0.95) 
tana-S 
Az = ———* 

| on 
where tana.is Student’s coefficient, evaluated from the table given 
in the book (see Appendix). The final result is written as follows: 

z+Az when a=0.95 


To characterize the variation of properties of a given rock, varia- 
tional curves are used, which are constructed on the basis of a large 
number of measurements of its properties. The numerical values 
of the parameter being studied are plotted along the abscissa and 
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Fig. 5. Integral variational curves of apparent specific gravity of some rocks: 
1 — limestones; 2 — dolomites; 3 — granites. 


the percentage of specimens with a physical parameter less than 
or equal to the given value is laid off along the ordinate (Fig. 5). 
Variational curves may be simple or integrated. They reveal the 
distribution of the possible values of the parameters for each type 
of rock, and characterize the latter more completely than the values 
of the arithmetic mean. 

It is often necessary to obtain a quantitative expression for the 
relationship between some property and various features of the 
mineral composition (e.g., magnetite content) or structure (e.g., poro- 
sity), or for the relationship between two parameters (e.g., between 
Young’s modulus and the strength of rocks). For this purpose a series 
of experiments are made. From the data obtained, a dotted graph 
is drawn in suitable coordinates, showing the relationship between 
the parameters being examined. 

Since it is ‘not practicable, when determining the properties 
of rock, to consider all the variety of the factors that influence these 
properties, only certain general regularity of the variation of one 
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property with change of another can be traced on a graph. The graph 
itself can be treated statistically. For this purpose Legendre’s principle 
is used, according to which the best approximation to the relation- 
ship sought is given by that form of it, in which the sum of the 
squares of the deviations is minimal. As a result, a correlation can 
be obtained, i.e., one in which several values of the function cor- 
respond to one value of the argument (Fig. 6). Correlations are not 
accurate, but are widely used in practice, since they permit us 
to determine one index with the help of 
another with a probability sufficient for 
mining purposes. 

To determine the properties of rocks 
in a mass, it is not always necessary to 
make in-situ (natural) measurements. 
Samples may be studied in the labora- 
tory and the relationship between their 
properties established at different degrees 
of liquid saturation, and at different 
pressures, temperatures, etc. After the 
character of the variation of rock pro- 
perties due to external factors has been 
studied in laboratory conditions, the pro- 9 1 2 3 p.g/em3 
perties of the rocks can be determined in Fi ; 

: oe ig. 6. Correlation between 
their known natural conditions. In some apparent specific gravity y 
cases, however, this is not sufficient, and porosity P of sedimen- 
since it is not possible to reproduce the tary rocks. 
various effects of a rock mass on sam- 
ples in the laboratory because of the absence of a number of 
factors, such as processes affecting the entire mass (blasting opera- 
tions, driving of mine workings), fractures in rocks, the occur- 
rence of faults, etc., and continuous variation of the structure and 
composition of the rocks of a mass (along both the dip and the 
strike). Therefore, in addition to laboratory studies, the rocks are 
investigated directly in the mass. 





5. Significance of the Physical Properties 
of Rocks for Mining 


The mining of mineral deposits involves the following stages: 

(a) prospecting and exploration—discovery of a mineral, deter- 
mination of the boundaries and reserves of the deposit, its depth 
of occurrence and of the nature of the enclosing rocks; 

(b) development or opening up—driving of mine workings to ex- 
pose the mineral and make it accessible to miners and machinery 
and prepare the ore body for the extraction of the mineral; 
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(c) exploitation or mining—systematic implementation of all 
measures to work mineral deposits and surrounding rocks; 

(d) primary processing of the mineral before sending it tothe 
consumer. 

The need to know the physical properties of rocks exists right 
from the moment of carrying out geological exploration work in the 
deposit (see Appendix, Table VI). 

Geophysical methods of prospecting are based on studying the 
differences in properties of the mineral sought and of the enclosing 
rocks. Practically all properties are used for this—density (gravity 
method of prospecting), mechanical (seismic methods), electromag- 
netic (electrical and magnetic methods), thermal (thermal logging), 
radiation (neutron logging), etc. 

The aim of prospecting is to obtain information about rocks. 
Subsequent work, i.e., opening up, working, and processing of the 
mineral, is concerned with the processes affecting the rock, by which 
it is either weakened and broken down, or is compacted. 

Disruption of the binding forces in rocks is brought about by 
mechanical stresses, which may be created in a number of different 
ways. 

Mechanical methods of breaking up rock imply the creation of 
stresses in them by foreign bodies, i.e., by drilling tools, liquids 
or gases. The effectiveness of these techniques depends upon the basic 
mechanical characteristic of rock, its strength. 

With thermal, electrical, magnetic, and other methods of breaking 
rock the stresses are not introduced from outside, but are created 
by the rock itself (by some volume of it), and their magnitude depends 
both upon the parameters of the external field.and upon the pro- 
perties of the rock. Greater stresses are generated in harder rocks 
than in soft ones. Therefore the strength of rock is not the sole decisive 
parameter, and the final effect of breakage depends upon the com- 
plex of its physical properties. 

Thermal methods of breaking rock are based on its absorption 
of heat, on the thermal expansion of its components, and on the 
generation of thermal stresses in it. Electromagnetic methods are 
similarly based on the generation of thermal stresses. But with 
them the rock absorbs electric or magnetic energy, which is then 
transformed into thermal energy heating the rock. 

Thus the adoption of any more complex physical field requires 
knowledge not only of the properties relating to- that field, but also 
of all other properties. For mechanical breakage it is sufficient to 
know only the mechanical properties of the rock but for thermal 
breaking both its thermal and mechanical properties have to be 
known, while for electrothermal methods one has to know its electri- 
cal, thermal, and mechanical properties. 


5. SIGNIFICANCE OF PHYSICAL PROPERTIES OF ROCKS FOR MINING 39 


The task of slackening a mass of rock is close to that of breaking 
rock. In slackening a mass, the compactness of its rocks is reduced 
in advance, by weakening their binding forces with the aim of break- 
ing them down further by mechanical means. 

Slackening may be effected mechanically (by the splitting action 
of water forced into coal beds, by shattering bonds by means of 
strong elastic waves, and so on), thermally or electrothermally (by 
means of thermal stresses giving rise to a network of fine fractures 
and dislocations in the rock mass), chemically (by leaching out 
some component or mineral with the result that the porosity and 
friability. of the rock are increased). The calculations for these pro- 
cesses require the utilization of the appropriate properties of the 
rock (hydraulic, thermal, elastic, electrical, etc.). 

In order to compact rocks, methods of cementing the rock ‘partic- 
les by means of forcefully introduced material, electric fusing, or 
sintering, etc., are adopted. For this purpose it is necessary to know 
all the strength, hydraulic, thermal, and electrical properties of 
the rock. 

In the technological cycle of mining, the transportation, storage, 
and dumping of rock occupy an important place. These operations, 
too, are affected by the properties of the rock. Depending on the 
properties of the rock, truck, conveyor, hydraulic, or gravity 
transport can be adopted. 

Conveyors and hydraulic transport of rock are most sensitive to 
variations in its properties. 

The techniques of rail and truck transport can be adopted for 
a wider variety of rocks but difficulties are encountered in using 
them owing to underestimation of certain features of the rock. 

During haulage there may occur the sticking and freezing of 

rocks, or the ore chutes may be clogged by the hanging ore. Know- 
ledge of rock properties helps to combat them. Physical processes 
-like electroosmosis that help to dry the rocks or their surfaces, 
electro-fusing, water-repellant (hydrophobic) coatings, etc., are 
also utilized. The freezing of rocks can be combated by lowering 
the freezing point of the water through the addition of various 
chemicals, by infrared heating of mine cars, etc. 

Hydraulic transport of rock can also be improved if the laws of 
the interaction of liquids and rock are taken into consideration. The 
utilization of liquids of higher density as compared with water 
makes the movement of heavy lumpy ores easier. Lowering of the 
freezing point of the liquid makes it possible to use this form of 
transport in winter. Correct accounting of the magnetic and dielec- 
tric properties of rock makes it possible to transport its particles 
in suspension under the action of electromagnetic field and reduce 
the wear on pipes. 
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It is economical to combine the transport process with a subsequent 
stage of processing, in particular with dressing. Here again know- 
ledge of the properties of rock can be put to use. 

Correct account of the properties of rock also facilitates the secon- 
dary crushing, selective separation of the minerals, and protection 
against freezing or drying. 

For secondary crushing of rocks, it is suggested to employ ther- 
mal, hydro-blasting, electro-hydraulic, electro-thermal, and other 
methods of breaking. Their effectiveness is determined by a number 
of physical properties of the rock. In selective separation of minerals 
use is often made of their luminescence; to protect rock against 
freezing its capacity to conduct and absorb heat is utilized, while 
to dry it, advantage is taken of the phenomena of electroosmosis, 
filtration, and capacity to yield water. 

The properties of rocks are extremely widely used in the primary 
processing and concentration of minerals, for example, in magnetic, 
electrical, and other kinds of separation, flotation, etc. 

Thus the connection between the mining operations and the 
properties of rocks is quite evident. But a clear quantitative appraisal 
of the relationship between them has not yet been established. In 
the design of machines, and in the estimates relating to their uti- 
lization, account is taken of the properties of rock either qualitatively 
or by means of empirical coefficients obtained from statistical pro- 
cessing of practical data. For example, in estimating the productivity 
per shift of a drilling machine, the mechanical properties of rocks 
are taken into consideration in a technological index, the rate of 
drilling. To determine the weight of the charge in a borehole, unit 
consumption of explosives is made use of, an index associated with 
the properties of rocks. To determine the width of a heap of broken 
rock after blasting, technological indices of loose rocks are used, 
e.g., the looseness factor, angles of repose, etc. In estimating the 
capacity of excavating machines a series of coefficients are used: 
that, to some extent or another, refer to the mechanical properties 
of the rock. 

The spheres: of utilization of the physical properties of rocks out- 
lined here are‘linked with the improvement of the various processes 
of mineral extraction. At the same time, one of the tasks of rock 
physics is the invention and development of physicochemical (geo- 
technological) methods of extracting minerals, based on new prin- 
ciples. 

In physicochemical methods, the technology of working a deposit 
is completely changed, as only the useful component is extracted, 
and waste of labour and materials on the extraction of gangue rocks, 
non-usable parts of the ore, etc., is usually avoided and subsequent 
processing of the mineral is also made easier. 
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Most geotechnological methods of extraction consist in driving 
mine workings, for example, in sinking a vertical shaft down to the 
ore body, changing the state of aggregation of the ore by the action 
of agents of various kinds, such as electric power, thermal energy, 
solvents, etc., and in pumping out the altered mineral or its com- 
ponents to the surface through the shaft (Fig. 7).. These methods, 
however, have only been used to extract minerals differing essen- 
tially in their properties from the enclosing rocks. According to 
their mode of action they can be a F 
divided into the following groups: gedin wmping 
(a) decomposition of the mineral _hthieter ar fut 
by heating; (b) dissolving and 
leaching; (c) melting; and (d) redu- 
ction and sublimation. 

The first method, decomposition 
by heating, is used at present in 
methods of underground gasifica- 
tion of coal and distillation of 
shales. 

The leaching of ores is of great 
interest. It has long been established pig. 7, The simplest geotechnologi- 
that water and freely available air cal scheme of extraction of rock 
oxidize pyrites, i.e., transform them _ salt by solution (when the permea- 
into green vitriol and sulphuric acid. bility of the strata is high): 

Sulphate together with sulphuric geo Rete eee cena 
acid is a good solvent for copper 
sulphide minerals. The copper dissolved in the water can easily be 
extracted, for example, by cementation or electrolysis. 

The leaching of copper and certain other sulphide and oxidized 
ores (hydrometallurgy) has found practical application. Hydro- 
metallurgical processing of copper ores consists of two main stages: 
(a) dissolving of copper and its compounds (i.e., leaching), and 
(b) deposition of copper in the form of metal or metallic oxide from 
the solution obtained. ‘ 

Poor copper ores are usually treated by underground leaching 
and cannot profitably be extracted in any other way. Leaching is 
carried out either by natural or artificial means. Natural leaching 
involves the collection of mine waters passing through the ore body 
and deposition of the copper dissolved in them. 

With artificial leaching, the ores are periodically washed by water, 
which is then collected and processed. 

Leaching can also be carried out at the surface, and is an addi-. 
tional source of metal from dumps of poor sub-standard ores. 

To intensify the process of leaching copper and other valuable 
metals, certain bacteria are used, which assimilate sulphur and 
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increase the concentration of sulphuric acid in the mine waters. 
The possibility of bacterial leaching of copper and zinc ores, of poor 
oxidized carbonate ores of manganese, and cobalt ores has been de- 
monstrated. 

The possibility of extracting metals by means of underground 
electrolysis presents special interest, as it is possible in this way 
to extract pure metal direct from the Earth’s interior. 

The process in electrolytical extraction must consist of two 
stages: (a) dissolution of the ore by a suitable solvent, and (b) elec- 
trolysis, implemented by means of electrodes, lowered down the 
boreholes and immersed in the solution. Copper, silver, and several 
other non-ferrous metals can be extracted in this way. Dissolution 
is a variety of lixiviation, and is quite frequently used at present 
eo TaC rock salt, sylvinite, carnallite, saltpetre, and other soluble 
Salts. 

Sulphur, mineral wax and asphalt are subjected to melting. 

The method of reducing metals is employed to extract mercury 
from cinnabar; sublimation is used to extract antimony, arsenic, 
and other metals. 

Utilization of the data from various fields of science (physics, 
chemistry, microbiology, metallurgy) is characteristic of all geo- 
technological methods. The possibility of adopting similar processes 
is solely dependent on how far we have studied the physical and 
chemical properties of rocks. The process of working a deposit 
involves operations of control and management: control and mana- 
gement of rock pressure, control of the condition of mine workings 
and pillars, control of the magnitude of water inflow, the quality 
of the mineral, and of the condition of the rock body being mined, 
and forecasting of rock bursts. 

All these operations are based on obtaining various information 
about a rock body. It can be obtained and correctly interpreted 
only when the appropriate methods of determining the properties 
of and phenomena taking place in rocks have been developed, and 
the relationships between the properties and a number of factors, 
such as magnitude of rock pressure, have been established. 

Study of these relations will considerably contribute to the com- 
plete automation of mining. 


QUESTIONS AND PROBLEMS 


1. The monomineral rocks limestone and marble consist of one and the same 
mineral. In what respect do they differ from each other? 

2. What do the following groups of minerals have in common and in what 
respect do they differ? 
(a) quartz, opal, chalcedony; 
(b) microcline, orthoclase; 
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(c) orthoclase, albite; 

(d) muscovite, biotite; 

(e) kaolinite, montmorillonite. 

. What is common to the following rocks, and in what respect do they differ 
from one another? 

(a) granite and granite-porphyry; 

(b) granite, monzonite, and granodiorite; 

(c) granite and syenite. 

. Which of the following rocks are treated as monomineral, and what mine- 
rals form them? Siltstone, granodiorite, marble, amphibolite, quartzite, 
hard coal, syenitic aplite, dunite, andesite. 

. From the descriptions given below, give the name of the rock concerned: 
(a) schistose, fine-grained rock of metamorphic origin, consisting mainly 
of talc; (b) igneous medium-grained rock, consisting mainly of orthoclase, 
plagioclase, and hornblende, but containing a small amount of quartz; 
(c) amorphous highly porous rock, consisting of a glassy mass of volcanic ash. 
. A copper ore contains 5 per cent of chalcocite. As a result of blasting the 
ore is diluted by gangue. What should be the limit for ganguc in the ore, 
given that the ore delivered to the ore-dressing plant must contain not less 
than 2 per cent copper? 

. An iron ore contains 20 per cent hematite and 60 per cent magnesite. Tell 
whether it is necessary to beneficiate the ore beforehand, given that ore 
containing 60 per cent of iron can be delivered directly for smelting? 


CHAPTER II 


MECHANICAL PROPERTIES 
OF ROCKS 


The mechanical properties of rocks include indices showing the 
relationship between the mechanical stresses and strains (defor- 
mation) of rocks: 

(a) elastic properties, characterizing the relationship between 
stresses and recoverable strains; 

(b) strength properties, showing the relationship between stresses 
and irrecoverable. breaking strains; 

(c) rheological properties, showing the relationship between 
stresses and irrecoverable plastic deformations with time; 

(d) technological properties, showing the relationship between 
the stresses generated in a rock by certain tools or technological 
processes, and breaking strains. 

Here we shall discuss also the hydro- and gas-dynamic properties 
of rocks that characterize their interaction with liquids and gases, 
and also their density properties. 


1. Density Properties of Rocks 


Specific gravity, apparent specific gravity, density, and porosity 
are grouped as the density properties of rocks. 

These parameters have one thing in common in that they have 
no connection with any external factor and so are not mechanical.* 
They must, however, be considered first before any other property 
of rocks can be studied. 

Specific gravity yo is the weight of a unit volume of the solid phase 
(mineral skeleton) of a rock. For metals, elements, and compounds 


* If we disregard the action of the Earth’s gravitational field. 
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without voids, the only density characteristic that needs to be known 
is their specific gravity. That also applies to most minerals. But 
rocks, in addition to their mineral skeleton, contain at the same 
time a certain quantity of voids filled by gases or liquids. The sum 
total of all the voids between the mineral particles or aggregates 
in a rock is known as its porosity. 

The weight of a unit volume of rock in its natural state is different 
from the weight of the same volume of rock consisting only of its 
solid phase. Therefore the concept of the apparent specific gravity y, 
i.e., the weight of a unit volume of an absolutely dry rock of known 
porosity, is utilized to define the density characteristics of 
rocks. 

The specific gravity of minerals in practice equals their apparent 
specific gravity (the porosity of most minerals being insignificant), 
but the specific gravity of rocks is always greater than their apparent 
specific gravity. 

The units of measurement of the absolute and apparent specific 
gravities in the International System of Units (M.K.S.) are N/m? 
(kgm-?-sec-?) and in the technical system—kg/m*. The C.G.S. 
system is still frequently used in practice—g/cm®. 

The specific gravity of a mineral depends on its chemical compo- 
sition and structure. The greater the number of heavy atoms in it, 
the smaller their radius and the denser their packing in the crystal 
lattice of the compound, the greater is its specific gravity. 

Minerals are classed according to specific gravity as heavy 
{yo > 4 g/cm*), medium-weight (yo > 2.5 g/cm’), and light (yoyo < 
< 2.5 g/cm*). Thirteen per cent of all minerals are light, 33.8 per 
cent heavy, and 53.2 per cent medium-weight (see Appendix, 
Table VII). 

The specific gravity of a rock (yo) is wholly dependent on the spe- 
cific gravities of the minerals forming it (y;), and is calculated by 
the formula 


nr 
Yo= Dy WV: 
i=i 


where n = number of minerals forming the rock 
V; = volume of each mineral. 

Thus the mineral composition of a rock determines unambiguously 
the value of its specific gravity. 

The total porosity of a rock P is the ratio, usually expressed as 
a percentage, of the aggregate volume of the pore space to the total 
volume of the rock. It determines its apparent specific gravity. 

The pores in rocks are divided, according to their origin, into 
primary and secondary. Primary or original pores are formed at 
the time of formation of the rock itself, while secondary pores develop 
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as a result of various processes of metamorphism, leaching, recry- 
stallization, etc. Pores are further subdivided, according to size, 
into subcapillary (pore diameter less than 0.2 micron), capillary 
(0.2 micron to 0.1 mm), and supercapillary (greater than 0.4 mm). 

Voids of whatever shape or size in rocks should normally be regard- 
ed as pores, although such voids as fractures and crevices are very 
often treated separately. The shape of pores may be extremely diffe- 
rent—vesicular, channel-shaped, slit-like, dendritic, etc. The shape 
and size of individual pores and their mutual connections determine 
the form of the porous space of a rock. , 

Pores often communicate with the surrounding medium as well 
as with one another, forming continuous sinuous channels. The 
ratio of the aggregate volume of such pores to the total volume of 
the rock is known as apparent porosity. 

The porosity of rocks varies within considerable limits: from 
rocks that are practically without porosity to those with a porosity 
of 90 per cent. 

Sedimentary rocks have high porosity while the porosity of igneous. 
rocks is usually insignificant. Certain types of volcanic rocks like 
welded tuff or trachyte (P = 55-60 per cent) are exceptions. Eroded 
igneous rocks may also have high porosity. 

The porosity of a rock depends on the shape and size of the grains 
it is composed of, and on the degree of their sorting, cementation, 
and packing. If rocks are formed of equidimensional particles, 
then those with rounded grains will have the least porosity while 
those with angular or tabular grains will show the highest, but 
even when the size and shape of the particles are the same, the 
porosity may be different owing to the different grain-to-grain 
relationship. Thus rounded grains or spheres may be packed so that 
each lies either at the corner of a cubic unit or at the corner of a 
rhombohedron; in the first case the porosity is 47.64 per cent, in 
the second 26.18 per cent. 

Porosity is greater in equigranular rocks than in inequigranular 
rocks, as the interstices between the large particles in the latter are 
filled up by smaller ones. For the same reason the porosity of cemented 
rocks is reduced as the cementing material fills up more and more 
of the interstices between particles; similarly, the denser the cement, 
the lower the porosity. 

Rocks suffer residual strains as a result of pressure, which lead 
to reduction of porosity. The process includes the squeezing out of 
gases, mutual transfer of particles (change to a denser packing), 
breaking of the structure and crushing of the grains. Clays and 
argillaceous rocks become considerably consolidated; under a pres- 
sure of several thousand kilograms per square centimetre their 
porosity is reduced from 50 to seven per cent. Therefore the rocks 
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occurring at great depths, and also metamorphosed rocks have a low 
porosity. 

If a rock consists of minerals of approximately the same specific 
gravity, then its apparent specific gravity will depend on its porosity. 
Thus, for example, the apparent specific gravity of limestones may 
vary from 1.5 to 3 g/cm®, while the specific gravity of the constituent. 
mineral (calcite) is 2.7 g/cm?. 

The apparent specific gravity of slightly porous rocks, in turn, 
depends to a great extent on their mineral composition. Thus an 
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Fig. 8. Variation of specific gravity of igneous rocks with mineral composition. 


increase of the apparent specific gravity is observed in igneous 
rocks with a decrease of quartz content (Fig. 8). This is explained 
by the fact that the specific gravity of quartz (2.65 g/cm') is less than 
that of the ferromagnesian minerals (olivine, pyroxenes, hornblende, 
biotite, etc.), making up igneous rocks. 

The apparent specific gravity of most rocks varies between 1.5 
and 3.5 g/cm’. In ore minerals it is high (up to 5.0 g/cm’), because 
heavy minerals (like hematite, magnetite, siderite, cinnabar) are 
present in them in considerable quantity. 

The apparent specific gravity of hydrochemical sediments is 
low (gypsum 2.3 g/cm, rock salt 2.1 g/cm*). Coals and peat have 
extremely low values (0.72-2.0 g/cm*). The apparent specific gravity 
of coals is determined by their porosity, carbon content, and mineral 
inclusions. As the specific gravity of carbon is 2.3 g/cm*, so an 
increase in the degree of carbonization leads to an increase of the 
apparent specific gravity of coals. This is also facilitated by the 
fact that the porosity is reduced by gradual metamorphism (brown 
coal > cannel coal — anthracite). But if coals have undergone the 
same degree of metamorphism, then higher values of apparent 
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specific gravity indicate an increase in mineral inclusions, which 
determine their ash content. These admixtures usually have a much 
higher specific gravity than carbon. 

In a number of coal basins correlations have been established 
that can be used to estimate the ash content of the coals from the 
values of their apparent specific gravity (Fig. 9). 

If the mass, and not the weight, of a unit volume of rock is measur- 
ed, then density 5) and apparent density 5 of a rock are obtained. 

The specific gravity of a rock is related to its density as follows: 


Yo = 85 


where g is acceleration due to 
gravity. 

The significance of absolute 
and apparent specific gravities 
lies in the fact that these indices 
define the quantity of a rock 
mass and a mineral. They are 
therefore used in all calcula- 
tions where it is necessary to 
know the quantity of rock: for 
example, in estimating ore reser- 
ves, the productivity of mining 
10 enterprises and equipment, the 
“O 20 40 60 80 A°% capacity of transportation faci- 

lities, the expenditure of explos- 

Fig. 9. Correlation between density ives, the volume of dumps, 
and ash content A® of coals from stockpiles, etc 
Moscow Coal Basin. iy : 

The difference between the 

apparent and absolute specific 

gravities of rocks and minerals is also utilized to separate them by 

gravitational methods of beneficiation, and by geophysicists for gravity 

prospecting of deposits. This technique is based on the discovery 

of gravitational anomalies; in places, where heavy ore minerals 

occur, a sensitive gravimeter will record a certain rise in the value 

of gravity and, conversely, in places, where minerals that are lighter 

than the surrounding rocks occur, the gravity value is low (e.g., 

rock salt, etc.). 

When there is a considerable difference in density between a mineral 
and the enclosing rocks, it is then possible to employ various tech- 
niques (like that of scattered gamma-radiation) to determine the 
boundary between the country rock and the ore mineral while oper- 
ating mining machines. 

Most of the hydraulic and gas-dynamic properties of rocks are due 
to their porosity. This index is used in all estimates regarding the 
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dewatering of deposits, storing and dumping, blasting work, pre- 
vention of sudden outbursts of gases and coal (degassing of seams), 
etc. The quantity of oil or gas contained in a reservoir rock, its. 
flow and yield from strata and, consequently, the proper exploitation 
of oil and gas deposits depend on the porosity of the reservoir rocks. 

The porosity of rock masses determines the possibility of leaching 
and melting of ores, gasification of coals, etc., directly in the deposit. 
Directly or indirectly it influences the efficiency of all methods of 
breaking or compacting rock, creating conditions such that rocks 
become highly aggregated, and consequently exerting a great in- 
fluence on all its other properties. 

A mass of rock is characterized by the presence of joints with 
a more or less even distribution or forming definite sets or systems. 
The role of joints in rock masses is very great. Breaks in the rock 
almost always occur along them; they increase the permeability of 
masses, make them anisotropic, and so on. 


2. Characteristics of Loosened Rock 


When rock is worked, its original structure is always destroyed, 
and it is loosened, as a result of which the indices of apparent 
specific gravity and porosity prove acceptable only for separate 
pieces. To characterize the entire mass of the loosened rock, the 
bulk weight of rock and looseness factor are used to estimate the 
quantity of rock that can be handled by excavators or rock-loaders, 
conveyor belts, transport, stores and dumps, bins, etc. 

The bulk weight of rock y, is the weight of a unit volume of 
loosened rock mass in a natural (heaped) state. It is defined by the 
looseness factor k, of the rock, which is the ratio of the volume of 
loosened rock (V,) to its volume in a pillar (V,): 


The looseness factor is always greater than unity, since the volume 
of loosened rock is greater than V, owing to the additional volume 
of fractures and voids V, (see Appendix, Table XI). 

ihe bulk weight of a volume of rock can be calculated by the 
formula 


Yo = yk 


The looseness factor, in turn, depends on the granulometric com- 
position (grain size distribution) of the mass, and the shape and 
juxtaposition of the fragments of broken rock. Thus it is a function 
in practice of how a rock is loosened, rather than of its physical 
properties. 


4—438 
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The looseness coefficient, and consequently the bulk weight 
of a volume of rock, depends on a series of environmental conditions, 
such as the time during which a rock has been lying in the loose 
state (self-compaction), pressure, humidity, and the capacity and 
shape of the containers in which it is stored. 

The last-named factor is expressed by the ratio of the length / 
of the smallest edge of the container to the average coarseness day 
of the material being poured. With a decrease in l/dg, an increase 
of k, is observed; this relationship is especially marked when l/d,, < 
< 10. 

The granulometric composition of a rock clearly determines the 
way it will break and characterizes loose rock by the percentage 
distribution of particles of different coarseness. It may be represented 
graphically by a curve—the abscissa will indicate the diameter of 
particles and the ordinate the total percentage of particles having 
a diameter less than that. 

The ratio dgo/dj), known as the coefficient of inhomogeneity, is 
used to characterize the inhomogeneity of loose rocks. Here deo 
is the maximum diameter of pieces constituting 60 per cent of the 
total quantity of loose rock and d,) is the maximum diameter of 
pieces making up 10 per cent of it. 

Unlike the looseness coefficient, the granulometric composition 
of rock does not depend on external factors and may therefore be 
considered a basic characteristic of any friable rock. 

When rocks are broken mechanically, all the energy involved in 
breaking them, minus the loss due to unavoidable heating and other 
forms of dissipation, goes to the formation of new surfaces of the 
body, that is to say, increases the free surface energy of the rock. 

The effective work W in breaking a rock may be calculated by 
the formula 


W = ASW, 


where AS = area of newly developed surface 
W, = surface energy per unit area. 

Granulometric composition determines AS and so is used to cal- 
culate the energy cost of breaking rock. 

Granulometric composition plays a special role in processes of 
hydromechanization, namely, in determining the specific quantity 
of water required in excavation and transportation, the least per- 
missible gradient of the floor of mine faces and chutes, the critical 
rate of flow, etc. It also has to be known for the processes of conveyor 
transport, shaking, crushing, beneficiation, and general processing 
of rock. 4 

The working of rock is controlled by a definite relationship bet- 
ween the equipment adopted and the coarseness of the loosened rock. 
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As regards power consumption, it is most profitable to crush 
the rock in such a way that the coefficient of inhomogeneity is mini- 
mized at an absolute size of pieces close to the maximum required 
by the given technology. If the looseness coefficient of the rock is 
high, it will in most cases have a detrimental effect on the technolog- 
ical process, reducing the handling capacity of excavator and rock- 
loader scoops, conveyors, transport, and hoppers, and increasing 
the area needed for dumps and stores, etc. 

The value of k, can be reduced by selecting a suitable granulometric 
composition of rock (by mixing fine-grained rock with coarse), 
or by ramming, etc. Rock par- 
ticles can also be compacted 
by adding hydrocarbon liquids 
(kerosene, isoamyl alcohol), 
which, by lubricating the 
particles, reduce the cohesive 


forces between them. The bulk 
weight of coal can be increa- 
sed by 20 per cent in this 
way (Fig. 10). 

One of the factors conside- 
rably affecting the bulk weight 
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Fig. 10. Effect of kerosene addition w 
on the bulk weight of a coal pile. 


of rock (including coal) is its 

moisture content. The bulk weight of coal is minimum when 
its moisture content is 6 to 7 per cent. When there is moisture in 
the coal, certain forces that hamper denser compacting of the mass 
of crushed coal develop when all points of contact are completely 
saturated with capillary water. The water in these points of 
contact tends to occupy a volume with a minimum of free surface, 
thereby hindering denser packing of the particles. 

Dry coal can be obtained either by drying or by adding 
hygroscopic substances like lime (CaO) to remove the water 
from it. 

A high looseness coefficient sometimes appears to be useful, for 
example, in the hydrometallurgical processes of leaching copper 
from sulphide ores that occur in heaps and tubs, etc. 

Loose rock is also characterized by the angle of repose. 

The angle of repose @y is the angle formed by the free surface of 
a heap of loose rock with the horizontal plane. The rock particles 
at this surface are in a state of critical (limiting) equilibrium. The 
angle of repose is related to the coefficient of friction and depends 
on the roughness and moisture content of grains, and granulometric 
composition, shape, and specific gravity of the material. 

With a rise in the moisture content of rocks up to a certain limit 
(for coal, for instance, up to 14 per cent) the angle of repose increases. 


4* 
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It also increases directly with the coarseness and angularity of the 
particles. 

The permissible angles of slope of quarry benches, dumps, and 
stockpiles are determined from the angle of repose. 


3. Stress and Strain in Rocks 


Any body subjected to an external force exhibits an opposite 
reaction; in other words, internal forces develop in it, tending to 
restore its original shape. 

The surface density of the force developed in each element of the 
body is known as stress. Stress is a vector quantity depending both 
on the internal properties of the rock (the strength and nature of 
the bonding between its particles), and on the shape of the specimen, 
and the action of the external forces. 

A specimen acted upon by external forces will experience a state 
of linear stress, when the forces act along any single straight line. 
It may be in a state of planar (two-dimensional) stress, when the 
forces act along two directions in one plane, and in a state of 
three-dimensional (cubic) stress when the forces act along three 
planes. 

The stresses in a rock depend on its macrostructure and porosity. 
In an absolutely compact rock the stress o is calculated by the for- 
mula 
_F 
ve 
where S is the area on which force F acts, The area of the rock 
on which the forces act is represented by 


S=So+Sp 


area of contact of mineral grains 
p == area occupied by pores. 

Stresses do not develop in the area occupied by pores, and as a 
result are concentrated entirely in the area of contact of the mineral 


grains: 


where So 


F 
o= 
So 


Since Sy < S, the stresses in the rock increase as the porosity 
increases, other conditions being equal. The same occurs in fractu- 
red and eroded rocks. 

In an elementary unit cube of a material in a state of stress there 
are nine stress components (forces)—two tangential and one normal 
to each face of the cube (Fig. 11). All the nine components form 
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a single physical quantity, referred to as the stress tensor: 
Ox xy Txz 
T stress = | Tyx Oy Tyz 
Tzx Tzy Oz 


In this stress tensor any two tangential forces lying in the same 
plane and directed opposite to each other must be equal (the body 
is in equilibrium): 

Txy = Tyx; Tx2 == Trx5 Tyz = Try 


Such a tensor is known as symmetric. Thus, the state of stress 
of a solid body in any plane may be characterized by the stresses 
acting normally and tangentially 
to it. These are interrelated and 
may be represented graphically by 
means of a Mohr circle of stresses, 
which is constructed as follows 
(Fig. 12): the maximum and the 
minimum values of the normal 
stresses acting on the specimen are 
marked out along the abscissa. 
A circle is drawn with a diameter 
equal to the difference between these 
two values. 

The values of the tangential and “ 
normal components at any point Fig. 11. Stress components in an 
Z : 5 elementary unit cube of rock in a 
in the specimen can be found if state of complex stress. 
the angle of the plane at which 
they are determined is given. A straight line is drawn at this angle, 
from the point of intersection of the circle and abscissa, to intersect 
the circumference. The coordinates of the point of intersection of the 
circumference with the straight line are the values of the stresses 
sought for. Every value of the state of stress has its circle of stresses. 

Stresses may develop in a rock under the action of different phys- 
ical fields as well as under the influence of external forces. Thermal 
stresses develop-as a result of the uneven distribution of temperature 
when rock is heated; shrinkage stresses are due to the unequal cooling 
of the volume of body, and residual stresses occur when there is an 
uneven distribution of stresses due to local flowage of the material. 
These stresses. are known as intrinsic and are superimposed on 
the external stresses, thereby increasing or reducing their magnitude. 

The distribution of stresses in a number of homogeneous rock 
specimens of the simplest form (rods, beams, plates, discs) under 
definite loads can be calculated by means of the laws of the theory 
of elasticity. 
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In specimens of a complicated shape and in complex force fields 
the pattern of distribution of stresses is established by suitable 
measurements in natural conditions and in models (optical methods, 
moiré patterns, brittle coating, etc.). 

Under the action of external forces the rock may undergo changes 
in its linear dimensions, volume or shape, all of which are known 
as strains (or deformations). 






t, kg/em2 


Fig. 12. Construction of a Mohr stress circle. 


The strains resulting from normal stresses are expressed by the 
relative change v in the linear dimensions of the specimen: 


<< VSD AL 
ce cela s 
where l’ is the length of the edge / in the strained condition. 

The strains caused by tangential stresses are expressed by the 
angle of shear @ of the sides of the specimen. The magnitude of shear 
strain is defined as 6’ = tana. Shearing strains as well as tensile 
strains may be broken down into components along the coordinate 
axes. As a result, it is possible to construct a strain tensor that can 
determine the state of strain at any point in a body: 


4 4 
Vx > Oxy > 6x2 
1 1 
T strain = >z Oyx Vy z Oy: 


1 


1 
g Oz x Sy vz 


Strains may be non-breaking or breaking. A breaking strain leads 
to the separation of rock into parts while a non-breaking strain 


3. STRESS AND STRAIN IN ROCKS 55 


brings about a change in its size and shape without destroying its 
continuity. The nature and the magnitude of strains depend on the 
magnitude and type of the applied stresses. 

The relation between non-breaking strains and stresses in rocks 
can be extremely different. Two main types of rock behaviour are 


distinguished — elastic and plastic. 


stresses and strains are directly 
proportional. With increase in the 
magnitude of elastic strain po- 
tential energy accumulates in the 
specimen, which helps it to re- 
turn to its original state when the 
external forces cease to function. 
The relationship between pla- 
stic strain and stress is much more 
complex and varied. A characte- 
ristic feature of plastic deforma- 
tions is their irrecoverability 
after removal of load, which 
means that the shape and size of 
a specimen are not completely 
restored. When the load has at- 
tained a definite magnitude, 
there is a possibility of an in- 
crease of strain at constant load 
or even when it is reduced. Pla- 
stic deformations take place 
over a long period of time. 
One type of strain may change 
into another either with an 


With elastic behaviour the 
Gcom > kg/cm? G 
3000 ys 


2500 
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Fig. 13. Typical curves for rock defor- 
mation: 

1 —elastic (quartzite); 2 — elastic-pla- 


stic (hornfels); 3 — plastic (marble); OB 
and OB’ — region of elastic deformations; 
B’C and OC’ — regions of plastic deforma- 
tion; points B, C,and C’— rock breakage. 


increase of stress or prolongation of its action. 

Thus, for instance, with increasing stress three regions of rock 
deformation can gradually be observed—elastic, plastic, and break- 
ing. The same three types of deformation can also be seen with pro- 
tracted action of a constant stress on the rock. 

According to the relationship between these types of deformation, 
rocks can be divided into elastic or brittle (a plastic zone is not observ- 
ed in practice), elastic-plastic (the zone of plastic deformation precedes 
the breaking deformation), and plastic (the elastic deformation is 


insignificant) (Fig. 43). 


The general strain in hard rocks is composed of two strains: 
Al = f, (04) + fe (Gat) 


where f, (o,) = elastic (instantaneous) strain 
fo (ot) = plastic strain taking place in the course of time. 


56 CHAP. II. MECHANICAL PROPERTIES OF ROCKS 


The initial factor determining strains in the rock is the nature 
of the internal bonding between its particles. Therefore all external 
fields acting on the forces binding the particles change the magnitude 
and type of strain in the rock. 


4, Elastic Properties of Rocks 


The nature of the proportionality between elastic strains and 
stresses depends on the bonding between the particles and is evalua- 
ted by the elastic properties of the rock. 

For every type of applied stress there is a constant of proportion- 
raed between it and the elastic strain, which is the elastic parameter 
of rock. 

The ratio of acting longitudinal stress (compressive or tensile) 
o to corresponding relative strain v is known as Young’s modu- 
lus E: 

o=vE 


The ratio of shear stress t to the corresponding strain 6’ is known 
as the shear or rigidity modulus G: 


t=G6’ 


Young’s modulus £ and the modulus of rigidity G correspond 
to the principal types of stresses and strains, and are therefore 
considered the principal elastic characteristics of the rock. 

There are other elastic constants of rocks as well. Thus, when 
a rock is, for instance, in a state of volume stress, the relation bet- 
ween the compression o and the corresponding proportional change 
in volume AV/V is expressed by the bulk modulus K. 

In the case of ideally elastic bodies it is sufficient to know only 
Young’s modulus and the shear or rigidity modulus, as the other 
elastic parameters may be calculated from the definite correlations 
of the theory of elasticity. For example, 


EG 
Re 3(83G— E) 


Still another elastic constant of rocks is frequently used in prac- 
tice. This is Poisson’s ratio v. Unlike all the other elastic constants 
mentioned above, it is a ratio between strains only: namely, the 


ratio of relative longitudinal strain A to lateral strain oe 


Poisson’s ratio is related to the quantities E and G by the formula 
_ E—26 
VSO 
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All moduli have dimensions expressing stresses—N/m? (in the 
M.K.S. system). The technical unit (kg/cm?) is also widely used. 
Poisson’s ratio is a dimensionless quantity. 

Since elastic properties are interconnected, it is sufficient to know 
only two of them to obtain the characteristics of a rock. Young’s. 
modulus and Poisson’s ratio are most frequently used for that pur- 
pose. If a rock undergoes volume stress, then clearly it is necessary 
to consider the stresses and strains in all directions. This state is 
expressed by the generalized Hooke’s law: 


Ue =F [6z—V (6 +62)] 
vy = [oy —V (02+ 63)] 


V, == [oz —v (Gx + oy)] 


The state of a rock. can be described in exactly the same way, 
when tangential stresses act upon all its sides: 


, 1 

xy = @& Txy 
1 

yz = & Ty 

peti 

za = “Er bax 


Anisotropic crystals have nine elastic constants characterizing 
their properties. On the whole the number of independent elastic 
constants in anisotropic media is 21. 

The moduli of elasticity characterize the rigidity of rocks and 
their capacity to resist external influences. 

For the majority of solid bodies Young’s modulus is of the order 
of 104 to 5 x 10° kg/cm?. £ is normally greater in the metals than 
in the rocks (see Appendix, Table VIII); it is very high in the ferro- 
magnesian and ore minerals (olivine, garnet, pyrite) (up to 2.7 x 
x 10° kg/cm”). Young’s modulus for quartz is about 10° kg/cm?. 
Mineral composition exerts a great influence on the elastic proper- 
ties of slightly porous rocks. In the case of hard rocks composed of 
a statistical mixture of different minerals (with P ~ 0), Young’s 
modulus can be calculated, as.a first approximation, by mathema- 
tically averaging the moduli of all the minerals forming the rock. 

As the value of £ is high in dark-coloured minerals, so an increase 
of Young’s modulus is observed as one passes from acidic to basic 
and ultrabasic rocks. A similar increase of density is also known, 
so that an increase in Young’s modulus with increasing density 
is often seen in rocks. 
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The elastic properties of rocks are greatly influenced by their 
porosity. 

Young’s modulus for the mineral skeleton of one and the same 
rock Ey will clearly be the same, whatever its porosity: 


0 Sy 

In fact, Young’s modulus £ for porous rock is determined by the 
formula 
aaa Sees 
~ (So+ Sp) v 

From these two equations we may write 

es, 2 
By So Sp 

If So + Sp = 4, then EF = Soko. 

Thus, Young’s modulus £ is directly proportional to the relative 
area of contact of mineral grains S), which declines with increase 
of porosity. 

For an elementary volume 


P=Vp=Splp 


E 


where V, = volume of the pores 
= total size of the pores in the direction perpendicular 
to the plane Sp. 
Since S, = 1 — So, and 1, = 1 — ly, 
P 
So = 1 — t=, 
As the denominator 1 — 1, <1, ik =A>1., 

The index A is known as the parameter of the shape of the pore 
‘space and enables the effect of the configuration of pores to be taken 
into account. 

In the simplest case, the relationship between Young’s modulus 
and the porosity of rocks is linear: 


E=E,(1—AP) 

The parameter A also depends on porosity. Research on models 
showing the relationship between the area of contact of grains and 
the porosity indicates that this relationship is best described by 
a second-order curve (equation) 

So=(1—AP)* 


Consequently, the generalized relationship between Young’s modu- 
lus and the porosity of rocks can be expressed by the formula: 


E=E,(1—AP) 
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where Ey is the index characterizing the mineral composition of 
the rock and is equal to Young’s modulus for non-porous rock of 
the given type. 

For practical calculations we may assume that 2< A < 4, while 
E, may have any value of E for dense non-porous rocks. ‘ 


£:10°9, kg/cm? 
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Fig. 14. Correlationtbetween Young’s modulus and the porosity of limestones: 


& 


1 — in limestones E = 8.5 X 10° (1 — 3.2P)*, kg/cm*. 


The correlation between Young’s modulus and the porosity of 
limestones is shown in Fig. 14. 

It must be stressed that rocks can only be very roughly compared 
with other solid elastic bodies because of their porosity. This is 
expressed in the instability of the elastic constants, which depend 
essentially on the area of contact of grains and consequently on 
all the factors affecting the size of that area. 

So, when loads are applied to the porous rocks, or removed from 
them, the strain curves give hysteresis loops, which indicate the 
existence of residual strains (Fig. 15). But if the residual strains 
are not very large, then rock may be taken in practice to be elastic, 
and the laws of the theory of elasticity may be applied to them. 
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On repeated loading of such rock any further occurrence of such 
additional residual strains is not observed. Therefore the modulus 
of elasticity of slightly porous rocks (limestones, sandstones, gyp- 
sum) is less in the first application of load than in subsequent ones. 
This index calculated from the sum of elastic and residual strains 

(a) is known as the modulus of 
strain and characterizes the 
unstrained rock in its natural 
state. 

It is known that the ban- 
ded metamorphic rocks and 
stratified sedimentary rocks 
are anisotropic. When a spe- 
cimen is compressed perpen- 
dicularly to its stratification 
or banding, the individual 
strains of all the layers Al,, 
Al,, ..., etc., are added up 
to give the total strain of the 
specimen. Here the stresses in 
all the layers are the same, 
i.e., 

0,=0g=>...=0,=—0 


6, kg/cm? 


Since o=vE, we obtain a 
general modulus of elasticity 
gee of the rock perpendicular to 


A Rs Eee AL em layers E, by simple calculation 





Fig. 15. Strain curves for quartzitic Ll sese& ly ln 
sandstone (a) and Armenian tuff (6): E> E, Tt Es Tees +3 

1 — loading; 2 — unloading; I — first applica- 1 

tion of load; II — second application of load. When a specimen is com- 


pressed along the layers, the 
strains of all layers will be the same and the stresses are summated for 
the whole area. Consequently, 


Ey S = E,S,+ £2S8.+ eee + EnSp 


Thus, Young’s modulus for layered rocks is greater along the 
layering than perpendicular to it (see Appendix, Table IX). Certain 
experimental data however show that E),) << E,, mainly due to the 
inhomogeneity of rocks. 


E 
Experiments indicate that the ratio x rarely exceeds 2. Conse- 


quently, Kan of Young’s modulus for most rocks lies within the limits 
4.1 to 2.0. 
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* The experimental data show that, when minerals occur in a matrix 
and the matrix and minerals are very different in their properties, 
the effect of the matrix on the elastic properties of the rock is rela- 
tively more intense. 

Some values of the shear modulus and bulk modulus of rocks are 
given in Table X of the Appendix. 

As the modulus of shear G, like Young’s modulus, characterizes 
the relationship between stresses and strains, the effect of porosity 
on the value of G obeys the same law: 


G==Gy)(1—A"P)? 


For all solid bodies studied Poisson’s ratio is always less than 
0.5, and for the majority of rocks lies between 0.2 and 0.4. The 
value of v for quartz (0.07) is anomalous, which is explained by the 
looseness of the quartz grains owing to the three-dimensional struc- 
ture of their crystal lattice. As a result, high values of v (0.35-0.45) 
are regarded as characteristic of the basic rocks. The value of v 
for rocks containing quartz is below 0.25 in 85 per cent cases; 
accordingly, 85 per cent of rocks with a specific gravity below 
2.7 gicm® have v < 0.25. 

Knowing the dependence of #£ and G on P, we can arrive at a rel- 
ationship between Poisson’s ratio and porosity. 


Since 
_ E—2G 
“~~ 2G 
then 
v= vof (P)+f(P)—1 
where 


4— AP) 
{(P)= Gat Rr 


Depending on the value of f(P), Poisson’s ratio may increase 
or decrease with an increase of porosity. Thus, there is no definite 
relationship between v and P 

Most experimental data also indicate that there is no definite 
relationship between Poisson’s ratio and porosity, but in some 
cases a reduction of v with porosity is observed in accordance with 
the formula : 

V=Vo—kP 


where k is the empirical coefficient equal to 0.2-0.4. 

The differences in the values of Poisson’s ratio along and across 
the layering depend on the ratio of the longitudinal to the lateral 
strains in the specimen. 

The effect of the remaining structural indices on the elastic pro- 
perties of rocks is less significant. 
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In porous rocks there is a possibility of the presence of a consider- 
able amount of moisture, which can lead to transformation of their 
elastic properties. Where the constituent minerals are actively 
affected by water (by way of solution, washing out of particles, 
softening), the water saturation of rocks leads to a reduction of their 
Young’s modulus EF and shear modulus G. Thus coherent (argilla- 
ceous) rocks always show an appreciable reduction of elastic para- 
meters with water saturation. 

If water fills only the pores. 
and does not affect the mineral 
skeleton, and there are free paths 
of movement, the elastic pro- 
perties of saturated rocks may 
either remain unchanged or be 
reduced in comparison with dry 
rocks, due to mechanical erosion 
by running water. 

If there is no free path of mo- 
vement owing to the load on the 
rock, the water becomes blocked 
in the pores, and this offers a 
certain obstacle to further defor- 
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Fig. 16. Dependence of the modulus of 
elasticity on the magnitude of com- 
pressive stress: 


1 — limestone; 2 — marble; 3 aie 
4 — quartzite; 5 and 6 — gabbro 


mation of the specimen and raises 
Young’s modulus in comparison 
with that for dry porous rock. 

The elastic properties of a 
rock also depend on the magni- 


tude and type of load being 
applied to it. An increase of tensile stress leads to reduction of 
Young’s modulus, while an increase of compressive stress raises it 
(Fig. 16). We find here that the concept of rocks as elastic bodies is 
relative. The cause of the variation in their elastic properties with 
increase of load is an alteration in one direction or another of the 
area of grain contact in the specimen. 

When the rock is compressed, for example, it is compacted and 
the area of grain contact is increased, and accordingly the rock 
becomes less responsive to strain, and £ consequently increases. 

In a general form, the relationship between Young’s modulus 
and pressure is as follows: 


ae = 1+ kln 2 


where E,, E,.= moduli of ‘elasticity at ee 0, and o,, respec- 
tively 
be peated coefficient (for sand, for example, it 
is 2.2) 
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When determined under compression the modulus of elasticity 
(E.om) is usually 1.5-4 times higher than under tension (Eten). The 
modulus of elasticity in flexure may be either less or greater than 
the mean value (by 7-15 per cent). These departures from the mean 
value may be explained by the presence of microfractures in the 
rock, which behave differently under compression, tension, and 
bending. 

With static loads Young’s modulus is usually less than with 
dynamic ones (see Appendix, Table X). The difference between the 
dynamic and static moduli of elasticity may be 35 per cent or more; 
the maximum difference is observed in porous rocks. When the 
load is around 30 per cent of the ultimate strength*, the values of 
the two moduli practically coincide. The difference between £5, 
and Egy, is mainly due to the processes of elastic aftereffect and 
relaxation phenomena that occur under a static load, and to peculiar- 
ities of microstructure (porosity, jointing) that increase the strain 
in the rock under heavy loads. 

There exists a correlation between the values of E,, and Egyn: 


Egyn = 8.3E gt +0.97 


The elastic constants of a rock depend on the magnitude of the 
triaxial stress. Thus, Young’s modulus for rocks in a state of triaxial 
compression is considerably higher than the value of E determined 
at atmospheric pressure. As a result of the closing of pores, and 
of the attendant increase in the number and contact area of grains, 
a very sharp rise of Young’s modulus is observed in most rocks up 
to pressures between 500 and 1,000 atm. When the pressure is in- 
creased further to 10,000 atm, the rate of increase of Young’s modulus 
falls. 

The static modulus of elasticity rises sharply with increase of 
triaxial stress; it increases by a factor of three or so at pressures 
up to 1,000 atm, while the dynamic modulus of elasticity rises by 
90 or 60 per cent. 

Poisson’s ratio varies differently for different rocks. In the pres- 
sure interval between 2,000 and 7,000 atm, v increases for basalt 
and dunite, but decreases for certain varieties of gabbro. 

The bulk modulus K rises with increase of pressure in most rocks, 
but experiments have shown that for certain substances,-for example, 
fused quartz, K falls with a rise of pressure. 

The elastic constants of rocks change with rising temperature as 
well. Young’s modulus falls continuously with rise of temperature 
in the majority of crystalline rocks, as the thermal movement of 


* Data from research at the Institute of Geology of Ore Deposits, Petro- 
graphy, Mineralogy and Geochemistry (IGEM) of the USSR Academy of Sciences. 
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molecules becomes intensified in this case and the plasticity of the 
rock increases. The decrease of E is most significant up to a temper- 
ature of about 600°C; after that Young’s modulus becomes almost 
constant (Fig. 17). 

The minimum value of £ for rocks containing quartz (quartzites, 
sandstones, etc.) is found at a temperature around 573°C; above 
that it rises sharply (Fig. 17a). This is explained by the polymorphic 
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Fig. 17. Temperature dependences of Young’s modulus: 


a — different types of rock; 1— gabbro; 2 — quartzite; 3 — tremolite-wollastonite 
skarn; 6 — fused quartz. 


transformation of quartz from a low-temperature (f-quartz) to a high- 
temperature modification (a-quartz). 

A steady increase of Young’s modulus (up to 25 per cent) with 
rise of temperature is characteristic of amorphous rocks (fused quartz) 
and certain fine-grained rocks (rhodonite-wollastonite skarns). 

Argillaceous rocks with a water-colloidal type of bonding become 
caked and compacted with rise of temperature; the values of their 
elastic constants consequently increase several times. 

But whenever rocks are burned (coal, carbonaceous argillites, 
shales) or decomposed (limestone, dolomite), Young’s modulus 
falls with rising temperature. 

The rigidity modulus of rock falls with rise of temperature, and 
at melting point is zero, since practically no substance in liquid 
state resists tangential loads (Fig. 18). : 

Poisson’s ratio increases with rise of temperature and reaches 0.5. 

If no irreversible transformation takes place when rock. is heated, 
then the original elastic constants are restored on cooling. The same 
is observed in quartz-containing rocks, as the transformation from 
B- to a-quartz is a reversible process. 
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When wet and friable rocks are cooled below 0°C, a sharp increase of 
Young’s modulus is noticed, which is due to the freezing of the water 
filling the pores and strengthening of the bonds between particles. 

Similarly, deep freezing (down to —200°C) of dry compact rocks 
leads, in most cases, to an increase in their Young’s modulus. 
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Fig. 18. Relationship between the elastic properties of a halite crystal and 
temperature: 
a — rigidity (shear) modulus G; b — compressibility (reciprocal of the bulk modulus k). 


The elastic constants of rocks correlate recoverable strains with 
stresses, and so they are needed for all calculations concerning rock 
pressure and the stability of rocks, mine workings, pillars, quarry 
benches, etc. 





Fig. 19. Relationship between the ultimate compressive strength and Young’s 
modulus of rocks: 


OAB — work done to break a rock with high Young's ca! OA’B’ — work done to break 
rocks with small E 


In addition, the elastic properties of rocks indicate the amount 
of potential energy stored in them, when they are acted on by exter- 
nal forces, which in turn enables us to judge the breakability of rocks. 

Rocks with high values of Young’s modulus as a rule have a small 
zone of plastic deformation, i.e., they undergo brittle rupture 
(Fig. 19). Consequently, the work (W) of breaking a rock with a high 
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value of £ is usually less than that of breaking one with a low value 
of E and high plasticity. 
For the case of breaking a unit cube we may write 


W © 5 OcomAl & 5 EAP 


The elastic properties of rocks are used in calculations concerning 
their breaking by mechanical means, for example, by excavators, 
explosives, etc. 

Young’s modulus defines the magnitude of the thermal stresses 
in rocks, and so is involved in all calculations pertaining to the 
breaking of rocks by thermal and electrical methods. 

In practice various correlations between the elastic properties of 
rocks and their mineral composition can be utilized. It has been 
established that Young’s modulus and the bulk modulus for coals 
increase with a rise in their carbon content. This relationship enables 
the quality of coals to be determined from Young’s modulus, which 
can be more readily determined in the laboratory. — 

Two elastic constants are usually determined—Young’s modulus 
E and Poisson’s ratio v. All other elastic properties of any homo- 
geneous isotropic rock can be calculated from them. 

Depending on the purpose for which they are required, elastic 
constants are measured either by the static or dynamic method. 
Static elastic properties characterize the behaviour of a rock under 
protracted loading, while dynamic properties apply to the instan- 
taneous action of loads (explosion, churn drilling, etc.). 

The method of determining the static modulus of elasticity most 
frequently used consists in the direct measurement of the defor- 
mation of compressed specimens by means of a strain gauge. 

Poisson’s ratio is also measured in practice by determining the 
relative longitudinal and lateral strains at definite loads. 

Dynamic methods of determining elastic properties are based 
on the distribution of elastic vibrations of different frequencies 
in rocks (see Chapter III, Sec. 3). 

A rapid approximate method of determining the dynamic modulus 
of elasticity is Tarkhov’s scleroscope, which records the effect of 
the collision of two elastic bodies (the rock and a steel ball falling 
from a definite height). The coefficient of rebound is then determined: 


Kren zac v= 


where h = height of rebound of the ball in centimetres 
H = height from which the ball falls in centimetres. 
The coefficient of rebound is directly proportional to the modulus 
of elasticity. 
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5. Strength of Rocks 


When the stresses applied to a rock are gradually increased, it 
breaks. The magnitude of the stresses at which it breaks determines 
its strength. The critical values of breaking stresses depend not 
only on the properties of the rock but also on the nature of the 
stresses themselves. Ultimate strengths of rocks (temporary resistan- 
ces) for compression (6.9m), tension (Gten), Shear (Gspear), bending 
or flexure (Gpeng), etc., are differentiated. 

Ultimate strengths are expressed as stresses: N/m? (in the M.K.S. 
system) or kg/cm? (in the technical system). 

When uniaxial stresses act upon a rock, its corresponding ulti- 
mate strengths characterize its capacity to withstand load. But 
when a rock is in a state of complex stresses, it becomes necessary 
to distinguish a certain criterion, by which we can judge its strength. 

There are several theories of strength of materials and each theory 
has its own criterion. According to the first theory (that of normal 
stresses), propounded by Galileo, a material breaks when the max- 
imum normal stress Omax reaches a certain limiting value of oo 
(ultimate strength either for uniaxial ‘compression Oggm or for 
uniaxial tension Oey): 

Omax = 9 

Many experimental results, however, do not confirm this theory. 
For example, when large tangential stresses (shear, torsion) are 
developed under strain, rupture occurs at normal stresses, con- 
siderably less than the ultimate compressive stresses; when there 
is triaxial compression, rupture occurs at values, higher than the 
ultimate stresses. Therefore another theory was formulated in the 
47th century (the theory of maximum strain). According to it a mate- 
rial breaks when the maximum relative strains vmax become equal 
to a certain limiting value of vo: 

Umax = Vo 

This theory, like the previous one, is more suited to the brittle 
mechanism of breaking of rocks. However, as it does not take into 
account the role of tangential stresses in the breaking process, it 
fails to accord, in a number of cases, with experimental data. 

A third theory of strength of materials (the theory of maximum 
shearing stresses) was propounded by Coulomb, which suggests 
maximum tangential stresses tmax aS the criterion of breakability 
of a material: 

Tmax = To 
Since the maximum tangential stresses are equal to 


4 
Tmax = > (Omax — Smin) 
5e 
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the condition for the breaking of material, according to this theory, 
will _be 
Omax — Omin = 2T 

This theory is in agreement with the experimental data for mate- 
rials that break in the zone of plastic flow. 

None of the,theories mentioned takes into account the overall 
effect of all types of stress on the process of breaking. Therefore 
Maxwell suggested that the amount of work done to change the 
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Fig. 20. The envelope to stress circles: 
a — construction; b — envelope to stress circles for limestone. 


shape of a specimen under strain (without changing its volume) 
should be the basis of the theory of strength of materials. On this 
basis the energy theory of strength of materials was developed, accord- 
ing to which the condition of rupture, expressed in terms of normal 
stresses, is written as follows: 


Oo= vi V (6, — 62)? + (62 — 03)? + (03 — 04)" 


This theory is more applicable to the brittle breaking of materials. 
In mining, Mohr's theory of strength of materials is most widely 
used. This is a theory based on the relationship between the tangen- 
tial (or shearing) and normal stresses at every point of a body in 
a state of complex (biaxial or triaxial) stress. This relationship is 
represented in the system of coordinates (o,; — t) by an envelope 
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to a family of stress circles constructed for different cases of the 
limiting state (Gcom, Sten: Sshear) Of the specimen under test (Fig. 20). 
The curve characterizes the critical stressed state of a rock at the 
moment of breaking. According to Mohr’s theory, the rock breaks 
either when the shearing stresses exceed the value limited by the 
envelope, or when the normal tensile stresses exceed the definite 
limit at t = 0 (Fig. 20a). 

Mohr’s theory conforms best with the experimental data. 

The envelope of the main circles of stress may be represented ana- 
lytically. The simplest representation of the dependence of the tan- 
gential stress t on the normal stress o, is a straight line: 


tT=o, tan g+T 


where g = slope of the straight line envelope to the abscissa 
(Fig. 20a) 
t, = ultimate tangential stress in the rock in the absence of 
normal stress (Fig. 20a). 

The angle @ is known as the angle of internal friction and tan » 
is the coefficient of internal friction. Thus the coefficient of friction is 
a ratio between the increments of normal and tangential stresses 
at failure of a rock. 

The index t,;, known as the cohesion K' of rock, is quantitatively 
equal to the ultimate shearing strength of the rock in the absence 
of normal stress. 

The envelope of the circles of stress can also be expressed in the 
form of a second-order parabola: 


t= V (ten +6) [20ten —2 V Oten (Sten + Scom) + com] 


or in the form of a cycloid combined with a straight line. 

The envelope of Mohr circles is most commonly expressed by: a 
parabola. For loose soil with no tensile strength and cohesive forces, 
the Mohr diagram takes the shape of a straight line starting from the 


origin of the coordinates, where tan g = = characterizes the angle 


of repose of the loose mass. 

None of the theories of strength of materials outlined above makes 
use of the physical aspect of the strength of solids. 

The forces that bind the particles of the crystal lattice and mole- 
cules have already been mentioned. From them, the stresses required 
to break a solid body can be calculated theoretically, but it appears 
that the stresses, obtained experimentally, are a hundred and some- 
times a thousand times less than the theoretical values (for copper, 
for example, it is 1,500 times less). 

These discrepancies are accounted for by the fact that real crystals 
possess a variety of imperfections that reduce the strength of the 
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bonds between the parts of their lattice. These defects may be due 
to the absence of atoms at lattice points (vacancies) or to the wedging 
of other atoms in between the lattice points; they may also be due 
to the slip of one part of the crystal relative to the other (dislocations, 
Fig. 21). The frequency of dislocations is high and may be between 
10 and 10% per cm?. There are particularly many imperfections 
at the grain boundaries in polycrystalline bodies (including rocks). 

A high frequency of dislocations weakens rocks and gives rise 
to plastic deformation in them, but if there are too many dislocations 
in a-rock, this may lead to its 
consolidation (relative to crystals 
with less imperfections) instead of to 
its weakening, due to entanglement 
and fixing of the ends of dislocations 
and. disappearance of free slip 
planes in the crystals. As a conse- 
quence, the rocks become more 
brittle. 

The strength of polymineral and 
polycrystalline rocks is determined 
mainly by the forces of mutual 
Fig. 21. One of the types of cohesion of the adjoining particles 
dislocation in a crystal lattice. aad depends primarily on their mac- 

rostructure. As any piece of rock has 

acertain amount of macroscopic flaws 
such as fine cracks, pores, inhomogeneities, and planes of weakness, the 
pattern of brittle rupture can be represented, according to the theory 
of Griffith and Rehbinder, as follows: when a load is applied to a 
specimen, some microconcentration of stresses o is created in the 
corners of cracks and in inhomogeneous parts. At the moment when 
o exceeds the ultimate strength, a microslip takes place at the given 
point, and the stress is instantaneously reduced and redistributed 
to other points where microslips begin as well. Intensification of 
the process leads to breaking. 

According to Griffith’s theory the tensile and compressive strengths 
of a rock can be expressed by the formula: 


2E-W, Wo 
Oten = 
2E-W 
Scom = 8 2 








where E = modulus of elasticity of rock 
o = specific surface tension of rock 
a = half the length of the greatest fracture. 
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The cohesive strength between the grains in most rocks is less 
than the strength of the grains themselves, so that when a rock 
breaks, rupture takes place between crystals. 

The effect of the mineral composition on the strength of rocks 
is also significant. Among the rock-forming minerals, quartz has 
maximum strength. The data of various workers indicate that the 
ultimate compressive strength of quartz is above 5,000 kg/cm?, and 
of the feldspars, the pyroxenes, augite, hornblende, olivine, and 
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Fig. 22. Compressive strength versus specific gravity for rocks. The maximum 
valne of Ocom at a value of y. equal ie the specific gravity of quartz is clearly 
shown. 


other ferromagnesian minerals between 2,000 and 5,000 kg/cm’; 
Ocom for calcite is between 100 and 200 kg/cm’. The strength of 
quartz-containing rocks is high (if quartz forms the matrix). This 
is shown in the graph (Fig. 22), where the maximum 6,5, of rocks 
corresponds to the specific gravity of quartz (2.65 to 2.75 g/cm’). 
Conversely, if weak minerals (calcite, mica) are present in a rock, 
its ultimate strength is considerably reduced (Fig. 23). The strength 
of cemented rocks is determined primarily by the strength of the 
cement (matrix) and not by that of the filling material. 
Rocks withstand compressive stresses much better than tensile 
stresses. Therefore the tensile strengths of rocks rarely exceed 10 
per cent of the compressive strength. This is accounted for by their 
brittleness, by a great number of disturbances and inhomogeneities 
in rocks, and by the weak cohesive forces between their particles, 
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Scom 

ten 
shearing strength, ultimate bending strength, and other forms of 
strain are always less than Ocgom and greater than Oten, but close 
tO Oten. The elastic and strength constants of selected rocks are given 
in Table VIII of the Appendix, where the same constants for certain 
metals are also given for comparison. 

Dense and fine-grained quartzites and nephrites have the- highest 
values of ultimate compressive strength: 5,000 to 6,000 kg/cm?. 
Dense and fine-grained granites 
also possess considerable strength 
(above 3,500 kg/cm?). Gabbro, 
diabase, and coarse-grained gra- 
nites show slightly lower values. 
The strength of coals’ varies 
according to degree of meta- 
morphism from 10 kg/cm? (coking 
coals) to 350 kg/cm? (anthra- 
cites). 

The ultimate tensile strength 
of most rocks does not exceed 
200 kg/cm?. The highest tensile 
strength is characteristic of quart- 
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for metals, for example, is nearly three. Ultimate 
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Fig. 23. Dependence of compressive 
strength upon percentage of mica- 
ceous cement R for metamorphic 
quartzites and quartzitic sandstones. 


zites and slightly porous, 

rystallized fine-grained marbles. 
For the sake of comparison we 

would mention that the ultimate 


tensile strength of alloy steels 
is 7,500 kg/cm?, of copper 1,500 to 2,000 kg/cm?, and tin 
200 to 350 kg/cm? (see Appendix, Table VIII). 
All strength characteristics of rocks fall sharply with increase 
in porosity. The relation between o,om and P is of the same nature 
as with elastic constants (Fig. 24): 


Ocom = Otom (1 — A’P)?* 
In particular, for the limestones of the Korobcheyev deposit 
Ocom = 1,220 (4 — 2.7P)? 


The experimental data available show that the parameter A 
(shape of the porous space) for rocks may vary within the limits of 
1.5 and 4. 

The effect of fracturing on the strength of rocks depends on the 
scale of excavation work, that is, on the size of the rock volume 
being broken. Coarse fractures have a great influence on blasting 
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operations, less on stoping operations, and practically none on drill- 
ing. 

The strength of rocks decreases with increase of grain size (other 
conditions remaining constant). This is related to the fact that 
the cohesive forces aré directly proportional to the mean value 
of the surface of contact of grains with the cement. In accordance 
with Rehbinder’s theory, the smaller the particles constituting 
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Fig. 24. Correlation between the compressive strength and porosity of carbo- 
nates: : 
1 and 2 — limiting curves. 


a solid body, the stronger the intermolecular bonds in it and the 
smaller the microfracturing and other disturbances that basically 
cause it to break. 

An approximate relation between breaking stress Oprea,y and 
grain size has been established by a number of investigators: 


Opreak = kday 


where k = empirical coefficient 
day = average grain size, microns 
a = index determined for each kind of rock (0.2 to 0.9). 
In accordance with this formula the effect of grain size is most 
significant when day < 100 microns (Fig. 25). 
Porphyritic texture increases the strength of rocks, if the pheno- 
crysts are small in size and the groundmass is continuous and finely 
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crystalline. Intergrowth of grains also increases the strength of rocks, 
while glassy masses reduce it. 

According to experimental data, the ultimate compressive strength 
of rocks, in the overwhelming majority of cases, is greater across 
the layering than along the layering. Theoretically the ultimate 
strength perpendicular to the layering odm is determined by the 
strength of the weakest interlayer. But in fact, if the compressive 
forces are directed perpendicularly to the layers, then fine weak 
interlayers strongly resist splitting due to the presence of stronger 
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Fig. 25. Diagram showing the joint effect of grain size d and porosity of rocks 
on their strength. 


layers, and on the whole the ultimate strength of a specimen exceeds 
Ocom for the weakest interlayer. 

But if the thickness of the weak interlayer is great, then Gém 
will be determined mainly by the strength of that interlayer. 

When a rock specimen is compressed along the layering, its 
strength is determined mainly by the strength of the weakest layers 
along which it splits. The coefficient of anisotropy in this case is 
therefore 


The difference between Fotom and Com is around 50 to 70 per cent 
{see Appendix, Table IX). 
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The ultimate tensile strength of rock across the layering is generally 
less than along it. In the second case the strong layers take up part 
of the load, thereby enhancing the general resistance of the rock. 

Consequently 





Quite often in the research into the strength of rocks (especially 
loose, fractured masses and clays) the angle of internal friction and 
cohesion (see Appendix, Table XI) are utilized. The cohesion of 
rock, of course, is equal to its shear strength. Two types of cohesion 
are distinguished in rocks: cohesion due to the forces binding their 
particles, and cohesion due to the capillary action of the water con- 
tained in them. The first type is characteristic of hard rocks and 
the second of moist argillaceous (coherent) rocks. 

The cohesion of different clays varies from 0.25 to 3.3 kg/cm’, 
and for brown coals from 0.2 to 3.5 kg/cm*. The stability of crushed 
rocks on slopes is characterized by the angle of internal friction 
(K’ = 0); for loose rock it depends on the surface roughness of the 
pieces and the granulometric composition of the rock. — 

The angle of internal friction decreases with increase of the fraction 
of fines in the rock, and with increase in the amount of argillaceous 
particles (especially montmorillonitic clays) and in moisture con- 
tent, because all these factors contribute to the slipping of one part 
of the rock with respect to another. 

Moist argillaceous rocks consolidate in dumps, and again become 
coherent, the coherence reaching 1 to 2 kg/cm’. 

The logarithm of cohesion of argillaceous clays is related to mois- 
ture content w as follows: 


ae ¥ 
log K = 0.5 + — 


where bw = coefficient of moisture content, equal to unity, plus 
the volumetric moisture content in fractions of unity 
y = apparent specific gravity, t/m? 
K' = cohesion of the rock, t/m?. 

The angle of internal friction of clays varies between 16 and 
30 degrees, and of brown coals between 30 and 35 degrees. 

There are formulas for determining the angle of internal friction 
and cohesive forces, which enable us to calculate @ and K’ in terms 
of the principal strengths of rock (tensile and compressive); but these 
formulas are only applicable in the case of monolithic unfractured 
rocks. The angle @ usually increases with increase of the ratio 
Scom/Oten, While K’ varies for most rocks between 1.0 and 1.060ton. 
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In solid state physics internal friction is conceived as the property 
of a solid to transform mechanical energy acting upon it into heat. 
From this point of view, internal friction may characterize the 
plasticity and toughness of rocks. It is evaluated either by the degree 
of attenuation of free vibrations in the rock (the faster the attenuation, 
the greater the friction), or by the effective viscosity ny (as in liquids): 


= s5 


v 
where t = effective shear stress 


v= a = relative rate of shear. 


The strength properties of rocks are appreciably affected by exter- 
nal factors. The way in which the load is applied has also some sig- 
nificance in so far as static ultimate strength o,, is differentiated 
from dynamic Ogyn; the former is usually less than the latter. Pro- 
longed application of dead loads leads to creep, which reduces the 
strength of rocks. 

When a rock is saturated with water, it breaks easily at stresses 
considerably lower than in the case of dry rocks (see Appendix, 
Table XII). 

The weakening of argillaceous and similar rocks when saturated 
with water is explained by the capacity of the finest particles to 
become coated by a strong water film, as a result of which the bonds 
between them are disrupted and the clay becomes plastic and diluted. 

In the case of hard rocks, water penetrates into the finest pores 
and cracks, and under the action of external pressure it tends to 
spread throughout the specimen, i.e., the bonds between particles 
are disrupted, and cracks enlarged and opened up, which leads to 
weakening of the rock. 

The reduction of strength through water saturation of rocks is 
characterized by the softening coefficient n°, which is a ratio between 
the ultimate compressive strengths before and after saturation 


0 . 
(Gcom and Geom, respectively): 





Rocks with a softening coefficient below 0.75 are considered weak- 
ly stable. 

Sedimentary rocks are most subject to wetting (Fig. 26). The sof- 
tening coefficient for argillaceous sandstones is up to 0.45 and for 
limestones bétween 0.35 and 0.50. Coals also become heavily satu- 
rated. The saturation of coals and rocks proceeds more intensively 
in flowing liquids since fine rock particles are then washed away. 
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Slightly porous quartzite particles become weakly saturated, while 
‘ voleanic rocks become only slightly saturated, if at all. 

Many of the physical methods of affecting rocks involve high 
temperatures. The effect of high temperatures on the strength pro- 
perties of rocks depends on the nature of the constituent minerals. 
When the smelting, burning, or decomposition of minerals takes 
place at high temperatures, the 
strength of the rock falls. But arise — Ssrear+'g/em? 
of temperature miakes argillaceous 
rocks harder as they become caked. 

When the rise of temperature 
does not involve decomposition of 
minerals, the strength of rocks may 
change differently depending on the 
magnitude and direction of the ther- 
mal stresses developing within 
them. 

Rock-forming minerals generally 
have varying coefficients of linear 
expansion and different elastic con- 9 " 
eats: therefore they will expand af ” ed 48 Wao 
unequally with a rise of tempera- fig. 26. Variation of the shearing 
ture. Two different results may _ strength of argillaceous rocks with 
ensue. moisture content w. 

The thermal stresses developed 
when a body with inclusions is heated (both with the same modu- 
lus of elasticity) may be determined by the formula 


o= E (By —Be) ATF (S) 


where (f,; — B.) = difference in the linear expansion of the inclusion 
and the enclosing mass 
AT = temperature of heating, °C 
f(S) = factor allowing for the area of contact of the 
inclusion with the surrounding mass. 

Let us consider the simplified case of a rock with a single inclu- 
sion. Then, if (Bb, — B,) > 0, tensile stresses will develop in the 
enclosing mass, which contribute to expansion of existing micro- 
fractures and reduce the strength of the rock. 

If (B; — B.) <0, then compressive stresses will develop in the 
main mass and prevent the expansion of fractures by closing them. 
The reduction of microfracturing and increase in the overall area 
of contact of grains, in this case, leads to a certain enhancement of 
strength with the initial rise of temperature. Experimental data 
indicate that internal thermal compressive stresses may vary from 
1,000 to upwards of 4,000 kg/cm?. 
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Further increase of the temperature gives rise to stresses exceeding 
the ultimate shearing or compressive strength (depending on the 
position of the inclusion), and so microruptures develop and the 
strength of the rock falls. The presence of maxima in the strength 
of certain rocks on heating is thus accounted for. When gabbro, 
for example, is heated, an increase of strength is observed up to 
600°C. 

Experiments show that the phenomenon of consolidation is basi- 
cally characteristic of dense fine-grained rocks. Fine-grained sandstones 
(grain size d = 0.02 to 0.3 mm), serpentinites (d = 0.1 to 0.6 mm), 
and other rocks show an increase of strength with rise of temperature 
right up to 800°C. 

In several types of rocks (for example, granite) a reduction of 
strength is observed as soon as heating begins. 

Rise of temperature also changes the nature of failure of rock— 
plastic failure is predominating. Similar phenomena are seen in 
metals, which become more resistant to brittle failure as they are 
heated; their fatigue limit and resilience increase. 

Decrease of the temperature of rocks below 0°C (down to minus 
20° or 30°C) appreciably alters the strength properties of only friable 
water-saturated rocks, which become strengthened owing to freezing 
of the water and join the category of hard rocks. This circumstance 
adversely affects opencast mining of friable rocks in winter. 

The strength of hard rocks is appreciably affected only by tem- 
peratures below minus 80° to —100°C. 

Experimental data indicate that rocks frozen down to minus 
100° to —4120°C become highly brittle; on application of dynamic 
loads they break 4 or 4.5 times more easily than in normal temper- 
ature conditions. Thus, whereas gabbro-diabase and various sand- 
stones break at a load of 1.5 to 3.2 kgm/cm? at +20°C, they break 
at 0.37-0.55 kgm/cm? at lower temperatures. 

At the same time, there are data indicating that the Static strength 
of rocks rises with fall in temperature. For example, when sand- 


stones, gabbro, and other rocks are frozen to —180°C, their of, in- 
creases by 10 to 70 per cent. Thus lowering of temperature leads 
to contraction of the zone of plastic deformation and increase of 
Young’s modulus; rise of temperature has the opposite effect. 
The values of all strength constants of rocks in conditions of 
triaxial compression are always higher than under atmospheric 
pressure. This is explained by the fact that confining pressure con- 
solidates the rock, increases the area of grain contact, and prevents 
the development or expansion of microfractures under the action 
of breaking stresses. Consequently the strength of certain rocks under 
high triaxial compression increases 20 times or more, and the ratio 
Ocom/Sten decreases. The ultimate compressive strength of fine- 
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grained limestone is 2,600 kg/cm? at atmospheric pressure and 
- 13,000 kg/cm* at a pressure of 10,000 atm. The ultimate shearing 
strength of rocks also increases sharply, while the flexural strength: 
of most rocks rises by 10 to 15 times at a pressure of 3,000 atm. 

The strength of rocks is decisive in all mining operations. In the 
first place, it defines the possibility of breaking rock by any kind 
of mechanical means. This has to be considered when designing, 
selecting, using, or estimating the output of mining mechanisms 
(drilling equipment, heading and coal-cutting machines, scrapers, 
excavators, etc.), when designing crushers for crushing and dressing 
plants, when estimating explosives for blasting, and so on. 

Since rocks are much weaker in tension than in compression, it 
is therefore expedient to adopt rock-breaking mechanisms that 
give rise to tensile stresses. Experiments are now being carried out 
in this connection on separating coal or rock from the mass by a 
special working element or detacher, inserted into a prior-cut slit 
in the mine face. The optimum depth of the layer detached is 13 
to 18cm. When coal is excavated in this way, big pieces are obtained, 
a small amount of dust is formed, and power consumption is very 
low (0.03 kWh/m'). 

The maximum strength characterized by ultimate compressive 
strength is the basis of the widely used classification of rocks accord- 
ing to their strength (Protodyakonov’s scale). 

The stability of pillars, underground mine workings, and the 
slopes of dumps and quarry benches depends on the strength of the 
rock. In estimating the stability of unsupported mine workings 
the ultimate compressive strength and the angle of internal friction 
of rocks are used; and in establishing the safe angle of slope of quarry 
benches and dumps the indices of cohesion and angle of internal 
friction are employed. 

As the breaking of rocks by some means or other is one of the most 
important tasks of mining, the strength constants of rocks also 
have great significance for thermal, electrothermal, electrical, and 
all other methods of rock breaking. The physical methods only 
differ in the mechanism of creating stresses in the rock; the ultimate 
result depends on whether or not the stresses developed reach the 
breaking limit.* 

The strength of rocks is less important in geotechnological working 
of deposits, as what takes place here is not mechanical disintegration 
of rock but some change of the state of aggregation. Nevertheless 
the role of the strength of rocks surrounding the deposit is quite 


* The phenomena of rock melting and electrical breakdown are not, of 
course, directly determined by the strength of rocks; numerous data indicate, 
however, that the melting temperature and breakdown voltages also increase 
with strength of rocks. 
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significant here; weak rocks in an area that has already been mined 
may cave in and hinder further mining. So research into the regul- 
arities of variations in the strength of rocks under the effect of 
various external factors assumes great significance. Knowledge of 
such variations would make it possible to control the strength of 
rocks, increasing it in the pillars and walls of mine workings and 
reducing it at the stoping faces. 

Research into the strength of rocks under confining pressure is 
important for the working of deposits at great depths. Their com- 
pression leads to an accumulation of energy, which disrupts them 
at a definite critical moment. The sudden release of accumulated 
energy in rocks is the cause of rock bursts, so that study of their 
behaviour under confining pressures should help to combat such 
rock bursts. 

The compressive strength of rocks is determined in presses. Speci- 
mens of cubic, cylindrical, or other shape are subjected to crushing. 
The factor of scale affects the results of experiments, as the boundary 
conditions on the ends of a specimen change its stressed state. If 
the height of a specimen is too small, triaxial compressive stresses 
develop in it instead of simple compression and artificially increase 
the value of O6g9m obtained. In order to avoid any scattering of results, 
strength properties are determined on specimens of identical size. 

So as to approximate conditions of ideal uniaxial compression 
in an experiment, either elastic padding is placed between the ends 
of the specimen and the compression blocks of the press, or the ends 
are greased. The padding must be such that its transverse expansion 
is nearly the same as that of the test specimen. There will then not 
be much friction along the ends that could hamper free lateral expan- 
sion of the specimen. As a result, the breaking load is reduced by 
40 or 65 per cent. 

More recently Ogom of rocks has been determined on specimens 
of irregular shape. Fifteen to 25 pieces of the rock, each of a volume 
around 100 cm3, are selected and put into a press, in such a way 
that their maximum dimension lies in the plane of the crushing 
forces. The strength of the specimens is calculated by the formula 


Ocom = F + 


where F = compressive force, kg 
G = weight of the piece of rock, grams 
y = apparent specific gravity of the rock, g/cm. 
The parameter obtained is related to the compressive strength 
of specimens of regular shape by the following expression: 


Ocom = 0.190com 
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This parameter characterizes the strength of the rock in tension 

rather than in compression. 
’ The ultimate tensile strength of rocks is determined by a tensile- 
testing machine. A rock specimen in the form of a rod (prismatic or 
cylindrical) is fixed in the grips of the machine and the load is then 
gradually increased until the rock breaks. 

The approximate method* of determining o;., by crushing a 
cylindrical specimen along the generatrix is extremely simple. 
A specimen J placed horizontally between the 7 
blocks of the press 2 splits along the diametral i 
plane (Fig. 27). 

Ultimate tensile strength is determined by 2 
the formula 





2F 
Sten © sppE? kg/cm? 1 


where F = load applied to specimen, kg 


D = diameter of specimen, cm 2 
h = height of specimen, cm. 
In testing the strength of rocks not only the i 


maximum loads are usually recorded but also the ; . 
strain in the rock up to the moment of rupture. pag ai. Devermings 
: : ion of _ tensile 
The stress-strain curves thus obtained enable one  gtrength by the 
to determine Young’s modulus, the limits of crushing of a 
elastic deformation, the work involved in breaking cylindrical _ speci- 
the rock, and the character of the rupture, as ™& along the 
well as ultimate strengths. Peg 

The strength properties of rocks in a mass are determined as in 
the laboratory. A parallelepiped of definite size (about one cubic 
metre) is cut in the rock mass with due regard for the orientation 
of layers, cracks, etc.; then the groove is loaded with jacks (Fig. 28). 

The ultimate strengths thus determined are considerably less 
(by a factor of 10-30) than those determined in the laboratory due 
to the presence of macrodisturbances in the rock mass. 

To ascertain the degree of stability of underground mine workings 
and pillars, it is necessary to know the natural stresses that will 
develop in a mass of rock asa result of the driving of mine work- 
ings. 

The natural stresses and elastic constants at the mine face are 
determined by various techniques based on the removal of stresses. 
Strain gauges are fitted into the wall of the working. When they 
have taken up the stresses existing in the rock mass, cuts are made 


* This method of determining the tensile strength of rock has been accepted 
as a standard test and is known as the “indirect” or Brazilian test. It was intro- 
duced in France for the determination of concrete tensile strength.—Ed. 
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in their immediate vicinity. The cuts release the stresses in a part 
of the face; the strain gauges record the strains that have appeared 
in the rock, which are directly proportional to the stresses. 





Fig. 28. Determination of mechanical properties of rocks in the mine face: 


a — determination of the resistance of rocks to being separated from the pillar;{b — shea- 
ring test of rock with compression. 


6. Plastic and Rheological Properties of Rocks 


Rocks very often break beyond the limits of the zone of elastic 
deformation, in the zone of the plastic state, which is characterized 
by the appearance of considerable residual strains. 

Plastic deformation is explained by the movement of dislocations 
and it begins at sites where the crystal structure has been disturbed 
and spread gradually along the glide (or slip) plane without destroy- 
ing the crystalline structure of the substance. 

In addition, mutual displacement of quite large volumes, squeez- 
ing, crumpling, etc., are also observed in rocks. Thus the phenomena 
of plasticity as seen in rocks often do not coincide with the concept 
of plasticity prevailing in solid state physics, since, strictly speaking, 
a number of phenomena causing residual strains in rocks should 
be regarded as breaking stresses (quasi-plasticity). 

The maximum stress at which no residual strains are observed 
is known as the limit of elasticity of a rock. 

An ideally plastic body begins to flow plastically beyond the 
limit of elasticity, the deformation increasing under constant stress. 
Most rocks are treated as compacting bodies, so that it is necessary 
to increase the stress in order to maintain plastic deformation. The 
increase of stress, however, occurs at a decreasing rate, and is always 
less than in the zone of elastic deformation (Fig. 29). Thus, if we 
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express the simplified relation between stress o and the corresponding 
strain v in the zone of plastic deformation through some. coefficient 
E’ equal to 


E’ =f (v) A constant 


Then £’ termed the secant modulus of strain will lie within the 
limits 
2PE'>O0 


The limiting modulus of strain—the ratio of the increment of 
stresses in the plastic zone (up to the moment of rock breakage) to the 





0 au al 


Fig. 29. Graph showing the strain (deformation) of rock: 


CA — zone of elastic deformation; AB — zone of plastic flow in the case of an deal plas- 
tic body; AC — zone of plastic deformation in a real rock; o’ — elastic limit; E — Young's 


modulus; Ej and E3 — secant moduli of strain. 


total relative deformation in the plastic zone (up to failure)—is 
called the plastic modulus 
Ocom— 0” : 
Ey, =-22—.-1 (Fig. 29) 

The feature that distinguishes plastic deformation from breaking 
strains is that the former takes place without destroying the con- 
tinuity of the rock. Consequently more energy is spent on additional 
deformation of a plastic rock in order to break it than on breaking 
an elastic (brittle) rock of the same strength. This can be readily 
seen in Fig. 30, where the area OCD is equal to W,, the work required 
to break an actual specimen, and the area OAB is equal to W,, the 
work required to break an ideally brittle rock with the same value 
of Ocom- The ratio W,/W, is known as the coefficient of plasticity ky, 
(see Appendix, Table XIV). The relative plasticity of various rocks 
can be compared by means of this coefficient. When the ultimate 
uniaxial compressive strength increases, the coefficient of plasticity 
usually decreases. 


6* 
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Thus it must be taken into account that an increase in the ultim- 
ate strength of rocks does not always lead to difficulties in mining. 
Extremely strong but brittle rocks give way much more easily under 
dynamic loading (for example, blasting) than others that are weaker 
but more plastic. The concept of toughness helps in understanding 
the characteristics of the latter type of rock. Rocks with high values 
Of Ocgom and considerable plasticity are broken with the utmost 
difficulty (certain types of basalts). 

Young’s modulus for more plastic rocks is less, as a rule, than 
in less plastic ones. 

Plasticity depends on the mineral composition of rocks. The pre- 
sence of hard quartz grains and feldspar reduces plasticity. In coals 
there is a relationship between 
plasticity and carbon content; 
their plasticity. falls by a factor 
of 30 from slightly metamorpho- 
sed coals to anthracites. 

The plastic properties of 
rocks are sensitive to the effect 
of external factors. Wetting 
usually increases plasticity. 
0 § ra Coherent argillaceous rocks have 

exceptionally high plastic pro- 
Fig. 30. Calculation of the coefficient perties, but their plasticity de- 
of plasticity. pends, above all, on the degree 
of wettability. Argillaceous rocks 
may be brittle, plastic, or flowing. The dependence of their 
plasticity on moisture content is characterized by the limit of pla- 
sticity, which is the value of their moisture content (as a percentage) 
at which they change from the brittle state to plastic and from the 
plastic state to flowing. The first case is known as the lower limit 
of plasticity wp,, and the second as the upper limit of plasticity w;. 
The plasticity number ®, equal to the difference between these upper 
and lower limits, characterizes the range of moisture content at 
which rock exists in the plastic state. The values of these parameters 
for certain rocks are given in Table XIII (see Appendix). 

The lower limit of plasticity of clay corresponds to such a con- 
dition when water is present in a combined state; the upper limit 
of plasticity is reached when the amount of free water increases 
to such an extent that the coherence between particles is disrupted 
and the clay flows. The compressibility and water-impermeability 
of clays increase with increase of their plasticity number. 

The plasticity of hard rocks increases with rise of temperature 
and confining pressure. With rise in temperature the number of 
dislocations in rocks does not change but their mobility greatly 


Scom 
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increases, which promotes the occurrence of plastic deformation. 
Rocks that are brittle under normal conditions acquire distinctly 
plastic properties at higher temperatures and pressures. This is 
of great significance in mining deposits at great depths, and in study- 
ing the interior of the Earth. For example, in limestones and silt- 
stones the tendency for plastic deformation develops even when 
confining pressure is around 500 atmospheres, and in anhydrites at 
around 1,000 atm. Plastic defor- 

mation of sandstone is possible 47% 

at pressures above 4,000 atm. 

Plastic deformation at great 
confining pressures is explained 
by the fact that intragranular 
movements and_ displacements 
take place more easily in these 
circumstances without causing 
discontinuity of the rock or the 
development of fractures, i.e., 
without giving rise to breaking 
strains. 

Many mining processes involve 
high temperatures; the occurrence 
of plastic deformation must, the- 
refore, be taken into account in 
all calculations. a 100 200 300 400 thr 

Although rheological properties Fig. 31. Stages of the creeping pro- 
include the plastic properties cess on the basis of the diagram show- 
of rocks, the feature distinguish- ig the creep of sapphire at 1300°C. 
ing the latter should be under- 
lined. Plastic properties are those that characterize the state or 
behaviour of rocks at stresses exceeding the limit of elasticity, while 
by rheological properties we mean the properties that define the 
variation of all the mechanical characteristics of rock under prot- 
racted loading. : 

One of the principal rheological properties of rock is creep, which 
is the gradual rise of strain in it at constant stress. Externally, 
creep is similar to plastic flow, but the latter occurs only beyond 
the zone of elasticity and at increasing stress, while creep may occur 
at stresses within the limit of elasticity under sufficiently prolonged 
pe of the load. Thus creep is a special case of plasticity when 
do/dt = 0. 

The ideal curve showing the variation of strain in rock under 
prolonged loading consists of three portions corresponding to the 
three principal stages of strain (Fig. 31): J—usual process of instan- 
taneous strain at the moment when load is applied: [[—the estab- 
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lished state of plastic flow at constant load, or creep; //]—stage at 
which the straining rate increases and the rock begins to fail. 

If the elastic limit has not been exceeded, then the total strain v 
of the rock, at any moment, consists of two components: (a) elastic 
strain v,, and (b) strain due to creep v,: 


V= Vet Ve 
Accordingly, the rate of change of strain in time is: 
dv dve dv_ 


“dt dt + at 


oO 


* Since ve= ra and the creep component is a function of stress 6, i.e., 


Al, microns dve _ Bio” 
Rea esas . 
Ete de Ro eh aI where B (¢) = some monotonously 
ES 2 





decreasing function 
of time 
m=constant (m ~ 2), 
then 


dv 1 


do m 
PoE awtBod 


This is known as the creep 
equation. When the stresses o 





4 8 12 16 20 2% 28 t,days do dv 
are constant, — = 0 and — = 
Fig. 32. Curves showing the creep of an oe dt 
Krivoy-Rog arkosic sandstone at various =B (t) o”. 
loads (expressed as a percentage of the Considerable creep is charac- 
breaking load). teristic of coherent rocks (clays, 


argillites, argillaceous shales). 
The Krivoy-Rog rocks (quartz-sericitic schist, hydrohematite 
hornfels, arkosic sandstone) have an average creep of 20 to 35 per 
cent of the primary instantaneous elastic strain; the most significant 
deformation occurs during the first one and a half to two days of 
loading (Fig. 32). 
The magnitude of creep depends on the magnitude and direction 
of the load applied to the rock. The greatest deformation due to creep 
is observed when loads are applied perpendicular to the layering, 


v 
the ratio = approaching 1.4. As is known, elastic strain is also 


greater when stresses are perpendicular to the layering. 

The inverse of creep, i.e., gradual reduction of stresses in rock 
at constant strain, is known as the stress relaxation. It takes the form 
of creep at a stress that decreases proportionally to the increasing 
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plastic deformation. In this case the elastic deformation developed 
in the rock under the initial loading is gradually transformed into 
a plastic one. 

Consequently, the specimen does not recover its original shape 
after the removal of load, although the initial stress did not exceed 
the elastic limit. As the deformation does not increase in time at 
relaxation, the previous equation can be written as an equation 


of relaxation if a = 0. 


The time it takes the stress to fall by e times is known as the 
relaxation time to. Using to, the pattern of change of stresses (0;) 
in a rock with time (¢) can be expressed in the form of an exponential 
equation 

t 
CO; = Ope to 

The relaxation time for most rocks is very large, and therefore, 
to characterize the rheological properties of rocks, the relative 
index (R’) of fall of stress in a rock over a definite period (week, 
month, etc.) is used: 


Ri = *1—© . 100% 
O14 


where o, = stress of the specimen at the moment the load is applied 
0, = stress of the specimen at the end of the period. 

Study of creep and relaxation in rocks shows that there is a general 
regularity in the variation of rock properties with the duration of 
the application of the load: the longer the load acts, the less are 
the values of the elastic properties (Young’s modulus, elastic limit) 
and more pronounced their plastic properties. This regularity 
acquires great significance in the mining of mineral deposits, because 
various situations may be encountered in mining operations when 
loads are applied to rocks for different lengths of time, ranging from 
the instantaneous (blasting, breaking off, crushing) to loads lasting 
for years on end (loads on pillars and the roofs of underground 
workings, stability of dumps and quarry benches). 

If the duration of loading is comparable with the relaxation time 
of the rock, the latter acquires plastic properties. As a result, slid- 
ing or subsidence occurs, causing an undesirable redistribution of 
stresses in the mass due to rock pressure and the destruction of pil- 
lars and workings, etc. 

It should be noted that the slopes of dumps and banks, which 
are stable under a dynamic load (for example, in blasting), can be 
deformed with time even under an insignificant dead load, and 
lead to unwanted disruption ‘of production processes. 

The phenomena of creep and relaxation are always present in 
underground mining operations. If a pillar supports a weak roof 
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that might subside under either its own weight or rock pressure, 
it may experience creep under the action of the constant pressure 
(which may sometimes increase with time), and ultimately collapse. 
If the pillar supports a tight roof that does not cave in under the 
pressure of overlying layers, a redistribution of stresses will be 
observed; stresses in the initially loaded pillar will disappear after 
a time due to relaxation, and the roof will take on the entire load, 
i.e., the pillar will cease to 
support the roof. 

In mining operations creep 
is also a component factor in 
cases of rock bulging. 

Bulging is the protrusion of 
rock in underground workings 
without significant disruption 
of its continuity. The term 
covers a number of extremely 
different phenomena: swelling 

0 0 30. thr Of rocks under the influence 

Fig. 33. Decrease of strength in limestone of moisture; increase in volume 

with increase of the duration of loading. as a result of chemical reac- 

tions or the evolution of gases; 

squeezing-out of friable rocks by rock pressure; and plastic defor- 

mation. Since the plastic rock is surrounded by a solid mass, it is 

natural that it will deform in the direction of the free face (mine 

working). Clays, argillaceous shales, argillites, etc., are most 

subject to bulging, but at great depths sandy shales, marls, and 
coals are also affected. 

The strength of rocks is gradually reduced under prolonged stress 
(Fig. 33). Their strength corresponding to the length of time during 
which loads are acting is known as the long-time strength. 

The long-time strength of rocks falls with increase of the duration 
of loading along a definite curve, approaching asymptotically a 
certain limiting value known as the ultimate long-time strength Oo. 

The long-time strength 0); is considerably less than the standard one. 

The empirical relationship established between the long-time 
strength of rocks and duration of loading is 


6, kg/em? 





A 
O1t = Oo In — 


where dy = strength of rock at instantaneous stress 
A = constant characterizing the stability of the rock. 
For certain clays and marls of Kursk Magnetic Anomaly, for 
example, O69 = 20.. For various other rocks the ultimate long-time 
strength oO. = 0.7 to 0.800. 
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A long-time elastic limit E .o, similar to ultimate long-time strength, 
can also be introduced. Usually, 
Eo 


z ~ 1.05 to 1.5 


It is characteristic that the work needed to break rocks may remain 
constant in spite of the reduction of their strength with time (Fig. 34). 





Fig. 34. Long-time strength oj, and ultimate long-time strength O. of rocks: 
OAB, OCD, etc. — work to break rock at various rates of loading. 


The decrease in the strength of rock with increase of the duration 
of loading is characterized, in practice, by a coefficient of weakening, 
which is equal to the ratio of the ultimate instantaneous compressive 
strength to a certain value of the long-time strength (Table 4). 


TABLE 4. Coefficients of Weakening of Certain Rocks 





Ultimate strength} Coefficient of 


Ultimate strength i he ‘ 
Rock (instantaneous), T Noeaiie of Soom? long-time, ee 
kg/em2 kg/em2 Scom/Scom 
Clays — One month — 1.5 
Sandstone 155 48 hours 86 1.8 
Concrete — 48 hours _ 1.67 





Under long-time loading argillaceous rocks sometimes become 
compacted (consolidated). This becomes possible through the squeez- 
ing-out of water from clays, the compaction of mineral particles, the 
development of new and more strong structural bonds, and the heal- 
ing of microfractures and other defects. 
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Rheological phenomena take on special significance in the mining 
of coal deposits at great depths, as coal is often deposited in relatively 
weak sedimentary series (argillaceous shales, argillites, siltstones, 
etc.) having a certain tendency toward plastic deformation. Estim- 
ates of the stability of mine workings, pillars, and stope area must 
be done on the basis of the long-time strength of rocks, taking creep 
and relaxation into consideration. 

Experimental curves for the long-time strength of rocks are ob- 
tained by compressing specimens at various rates of loading. 


7. Hydrodynamics and Gas-Dynamics 
of Rocks 


Rocks always contain some quantity of water; three types of 
ground water are distinguished: chemically bound water; physically 
bound water; and free water. 

Chemically bound water forms part of the crystal lattice of the 
mineral together with other molecules and ions. Removal of this 
water leads to disintegration of the mineral and its transformation 
to another moisture-free compound. 

If the water present in the lattice is in the form of molecules, 
it is known as water of crystallization. It is typical of gypsum (CaSO, - 
-2H,0O), opal (SiO,-nH,O), carnallite (KCl-MgCl,-6H,O), and 
many other minerals. Water of crystallization separates out, as 
a rule, at temperatures between 200° and 600°C. 

Water formed on heating from hydroxyl ions (OH- and H+) con- 
stituting part of the crystal lattice is known as water of constitution. 
It is lost at temperatures higher than those required for water of 
crystallization (up to 1300°C). Water of constitution is characteristic 
of such minerals as talc (Mg;(OH),-Si,O;9), malachite (Cu,[COs;] 
(OH),), kaolinite (Al,(OH),-Si,O;), etc. 

The presence of chemically combined water in a rock becomes 
visible only on heating; nevertheless, it is of great importance as it 
can cause variation of the properties of rock at high temperatures. 
Because the crystal lattice of minerals is destroyed when they part 
with their water, rocks are weakened and disintegrate in consequence; 
in some cases, however, this can give rise to compaction (e.g., clays). 

Physically bound water is closely combined with solid particles 
of rock by molecular forces of attraction and envelops them as a 
film. Its quantity depends on the wetting capacity of the rock. 

Wettability is the property of rock to become coated with water. 
The degree of wetting of a solid surface by a liquid is characterized 
by the boundary angle between the plane of the solid and the tangent 
to the surface of a drop of liquid, drawn from the point of contact 
of the drop with the body. 
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Most rocks are readily wetted (they are said to be lyophile); sul- 
phur, coal, bituminous sandstones, and certain other rocks are 
partly or completely unwettable (lyophobe).* 

The wettability of rocks is due to their adsorption capacity, i.e., 
their capacity to concentrate (adsorb) the molecules of a liquid on 
their surface by means of electrostatic attraction. 

The adsorption capacity of rocks increases when they contain 
soluble salts and clay minerals (especially those like montmorillonite 
with an extensible crystal lattice), and also with increase of the 
overall surface of the solid phase. In the second instance an increase 
of the adsorption capacity is observed with decrease of the particle 
size of loose rocks and increase of their angularity. 

Physically (strongly) bound water does not move within rocks, 
has a high density (up to 1.74 g/cm’), low freezing point (—78°C), 
low heat capacity, low relative permittivity, and low electrical 
conductivity, and is not a solvent. It is removed by heating only 
at temperatures between 105° and 110°C. Its presence considerably 
alters the physical properties of rocks. 

The amount of physically bound water in rocks is estimated by 
the indices of maximum hygroscopicity and maximum molecular 
moisture capacity. 

Maximum hygroscopicity (w;,) is the greatest amount of moisture 
that a rock is capable of adsorbing from the air at a relative humidity 
of 94 per cent. It characterizes the adsorption capacity of rocks 
and therefore depends on the same factors as that capacity. 

Molecular or pellicular moisture capacity refers to water bound 
on the surface of rock particles by the forces of molecular attraction 
and is determined by the formula (in weight units): 

__ Gm—Ga 

=a 

where G,, = weight of a specimen containing pellicular moisture 

Ga = weight of the specimen dried at a temperature of 105° 
to 110°C. 

Because of the presence of weakly bound pellicular moisture 
Wm >> Wz; the feature distinguishing it from physically (strongly) 
bound water is its capacity to move under the action of molecular 
forces. 

Moist rocks possess a characteristic sorption property, viz., 
capacity to adsorb ions selectively, along with water, from their 
saturated solution, or ion-sorption capacity. 

This property is of importance in studying electrochemical reactions 
in rocks, and electrical conductivity and electrical fields in rock 


Wm 


* There are all degrees of wettability between extremely lyophile and 
extremely lyophobe minerals and rocks. Minerals with ionic bonding are gene- 
rally lyophile; those with metallic’ or covalent bonding are lyophobe.—E£d. 
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masses. Knowledge of the ion-sorption capacity of rocks is required 
in geotechnological methods of prospecting based on the application 
of electrochemistry, in the processes of rock cementation and so on. 

Free water may occur in rocks in the form of capillary water held 
in fine pores by the forces of capillary action, and in the form of 
gravity water filling coarse pores and moving within the rocks under 
the force of gravity or of pressure head. 

The amount of capillary water is estimated by the parameter of 
capillary moisture capacity, which depends on the average size 
of the pore channels perpendicular to the ground water table in the 
volume being studied. 

The proportion of water of different types in rocks will vary depend- 
ing on the mineral composition and particle-size distribution of 
rocks, and the shape of their particles. Thus sands in general con- 
tain gravity water (10 per cent), and clays, loess, and loams molec- 
ular and capillary water. The content of capillary water in clays 
ranges from 18 to 50 per cent. 

The type of water contained in rock determines its influence on 
the properties of the latter. Thus capillary water contained in a rock 
above the line of water table (water of imbibition) helps to increase 
the coherence of the rock and also increases the admissible load 
and the slope angle of dumps. But if capillary water, on the contr- 
ary, is connected with its source, it becomes a pressure head, and 
reduces the stability of slopes. The possible techniques of water 
drainage from mineral deposits also depend on the type of water. 
Gravity waters are most easily drained off, but the drainage of 
capillary waters is much more difficult (and is realized by squeezing, 
electric drainage, etc.). 

Physically bound water changes to free water in certain rocks on 
shaking, a process known as thizotropy. Moist clayey soils (especially 
montmorillonitic), in which the number of particles less than 0.002 
mm in size is more than 2 per cent, and in which the limit of flowage 
is quite large, are subject to thixotropy. Mechanical shaking, vibra- 
tion, ultrasonic waves, or electric current can cause thixotropy, 
which has the effect of putting grains of a previously coherent clayey 
substance into random Brownian movement. On completion of the 
action, the free water is transformed into the physically bound 
type and the structure of the soil is restored. 

The maximum amount of bound, capillary, and gravity water 
that a rock can hold is determined by its total moisture capacity: 





Gr—Gq ;. ; 
(I) w,= se 2 (in weight) 


(II) wi = 4+ (in volume) 
r 
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where ' G, 


I 


weight of the rock when saturated to the maxim- 
um 

V, = G, — Gg = volume of water filling the rock 

V, = volume of rock. 

The magnitude of total moisture capacity is approximately equal 
to the porosity of the rock. If its pore spaces are poorly interconnected, 
then a certain quantity of gases or air may be trapped in them even 
when they are completely saturated with water. Then w, < P. 

In the case when water can penetrate between the packets of the 
crystal lattices of certain minerals (montmorillonite, vermiculite, 
halloysite), it is found that w; > P; this is characteristic of coherent 
{argillaceous) rocks. 

To characterize a rock in its natural state, the following param- 
eters are used: natural moisture content (w,), equal to the average 
quantity of water contained in it under natural circumstances, 
and the coefficient of water saturation (k,,,), indicating its degree 
of saturation with water 


Kees = 

If w, is replaced by w}, and w; by porosity P, then the coefficient 
of water saturation will characterize the degree of filling of pore 
spaces by water. 

If a rock is wetted to the maximum, it is impossible to remove 
all the water by mechanical means. Loess, clays, and very fine 
sands (quicksands) yield water with great difficulty. The capacity 
of rock to give up water under mechanical action is characterized 
by the yield of water &, which is the difference between total moisture 
capacity and maximum molecular moisture capacity: 


&=wi—Wm 


Thus, the greater the molecular moisture capacity of a rock, the 
less its coefficient of water yield, which depends in magnitude on 
the size of the rock-forming particles and the size and mutual posi- 
tions of pores. 

If water yield is low, it reduces the productivity of mechanical 
and hydraulic mining of rocks, and makes the drainage of deposits, 
and the transport and crushing of minerals difficult. 

The movement of water in rocks causes solution, mechanical 
washing out, cementation, and other processes. The ability of rocks 
to transmit fluids is characterized by the coefficient of permeability 
Kper Which is found from Darcy’s equation: 


E AF 1 
Up = heer AL 
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whence 
Q. AL 
kper= "5 TF 1 
where Q = amount of water passing through section S$ in unit. 
time 
Up =£ = velocity or rate of percolation 


ei = pressure drop during percolation of the liquid AZ 

= viscosity of the liquid, in poises (poise = g/cm-sec). 

The orietieal unit of measurement of permeability is a darcy, 

which represents the permeability of a rock specimen with an area 

of 1 cm? and length of 1 cm, 

Ker, millidarcy through which 4 cm? of liquid 

of 1 centipoise viscosity passes. 

in one second with a drop 

in pressure of one atmosphere. 

One darcy = 0.98 x 10-8 cm. 

In mining, the coefficient 

of percolation is mainly 
used (k,): 





ka = Kes a , m/sec 


where y,, is the specific gra- 
vity of water. For all practi- 
cal purposes % can be taken 
0 10 20 30 40 P% as equal to unity and then 


Fig. 35. Correlation graph showing depen- kp = kper, numerically. 


dence of the coefficient of permeability kyo, Rocks are subdivided ac- 
on porosity P of rocks: cording to coefficient of per- 
1 — sandstones; 2— carbonate deposits; 3— colation into impervious 


Devonian chalky limestone (the zones of scat- 
ter of points are hatched). (kp < 0.1 m/day); 


weakly 

permeable (0.1 < kp < 10); 
moderately permeable (10 << kp < 500); and highly permeable 
(kp > 1,000 m/day). 

‘Permeability depends mainly on the size of pores, and their 
total proportion in the rock and shape (Fig. 35), which determine 
the volume of percolating fluid, the path of the flow and the frictional 
forces hampering the movement. In general, permeability rises with 
increase in the porosity of rocks, especially if the pores are inter- 
connected and open; but departures from this principle are known. 
The average diameter (D) of pores is of appreciable significance. 
It can be calculated by a simplified formula, derived from Poiseuille’s 
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equation (disregarding the sinuosity of channels): 


D=] /32kper 
P 


where per = permeability, in cm? 
P = porosity, in fractions of unity. 

Supercapillary pores, of course, allow fluids to pass under the 
action of gravitational forces or pressure according to the laws of 
hydrodynamics. 

In capillary pores fluids move by capillarity. Under the action 
of pressure, they will move only when the head exceeds the molec- 
ular forces of attraction. Subcapillary pores in practice do not. 
transmit fluids. Clays belong to the group of impervious substances, 
though their porosity is upwards of 50 per cent. This is due to the 
fact that the pores in clays are subcapillary in size; as a consequence, 
almost all the water in clays is in a bound state, which hampers 
the movement of gravity waters. 

Thus kper depends on all the factors that control the porosity 
of rocks, i.e., on the shape, size, orientation, sorting, and degree 
of cementation of grains. 

Water permeability in layered rocks is anisotropic in nature, 
being greater along the bedding plane than perpendicular to it. 
Mineral composition also affects the permeability of loose rocks. 
Minerals with good cleavage allow very little water to pass because, 
other conditions being equal, the pores developed in them are of 
smaller size than those in minerals that have well rounded particles 
and no cleavage. Water passes most easily through minerals with 
good wetting capacity. The permeability of rocks declines as the 
amount of the clay fraction increases. The permeability of most hard 
rocks is related to the degree of fracturing; fractured masses of igneous 
and metamorphic rocks may therefore be highly permeable in spite 
of their low porosity. 

The action of fluids is greatest in loose and coherent rocks and in 
certain weakly cemented hard ones; all others are little affected 
by hydraulic action. 

The effect of fluids on rock may be dynamic or static. Dynamic 
action leads, as a rule, to the mechanical disintegration and move- 
ment of rocks, whereas the effect of static action gives rise to certain 
specific hydraulic effects such as swelling, stteqing solution, etc. 

Swelling is the capacity of rock to increase volume through 
saturation by water; it is characterized by the coefficient of swelling 
i,, which is equal to the ratio of the swollen volume of rock V, to 
its original volume Vo, i.e., 


k= 21 
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Swelling takes place owing to the penetration of water between 
the packets of crystal lattices of minerals. Clays and argillaceous 
rocks are especially liable to swelling. In other rocks there is prac- 
tically none. The coefficient of swelling for clays varies between 2 
and 1.5; for sandy loams between 1.5 and 1.05; for sands it is 
unity. 

Swelling is detrimental both to underground and to open-cast 
mine workings since it leads to their deformation, collapsing of 
‘supports, disruption of railway tracks, etc. The wetting of rock 
reduces its strength; this effect is considerably enhanced when ad- 
sorbed surface-active substances, so-called reducers of hardness, 
are dissolved in the water. These substances increase the mobility 
of the water, which then penetrates the finest cracks formed by 
mechanical influences on the rock mass, after which these cracks 
fail to close. As a result, the number of open cracks is sharply in- 
-creased and the strength of the rock falls. 

The action of water also leads to the dissolution of rock. Only 
an insignificant number of rocks and minerals are actively soluble 
(halides; to a slightly less extent, anhydrite and gypsum). Dolomites 
and limestones are treated as weakly soluble rocks, and are the less 
soluble as the amount of clay minerals in them increases (above 
40 to 15 per cent). Quartzites, schists, granites, and other igneous 
and metamorphic rocks are practically insoluble. 

Solubility increases considerably when aqueous solutions of 
various acids circulate within rocks. Chemical breakdown then 
takes place. The amount of carbon dioxide gas in the water deter- 
mines the solubility of carbonates, which rises with increase of gas 
‘content. 

Another hydrodynamic process is the phenomenon of cavitation, 
i.e., the development and disappearance of gas-filled bubbles in 
.a liquid through the action of some form of energy. When these 
bubbles are destroyed, the adjoining surfaces of solid bodies also 
collapse. Cavitation occurs when the internal pressure p in certain 
parts of the liquid becomes less than its static pressure po (the liquid 
bursts out). The liquid volatilizes and cavity bubbles develop 
‘which are destroyed as soon as p exceeds py. The presence of foreign 
matter or bubbles in a liquid facilitates cavitation since they become, 
as it were, centres of its origination, in the neighbourhood of which 
the forces of attraction between water molecules are greatly weakened. 
‘Cavitation can be induced in various ways, mechanically (hydraulic 
impacts, ultrasonic waves), electrically (electrical charges in the 
liquid), etc. 

Cavitation causes erosion of the surface of solids occurring in the 
liquid. It can be employed in mining to break rocks by means of 
ultrasonic or electrohydraulic processes. 
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If rocks contain petroleum, the proceses of accumulation and distr- 
ibution of the oil are then characterized by the oil storage capacity 
and oil permeability, respectively, of the rock; when gases are present 
in rocks, gas storage capacity, gas permeability, and gas yield, etc., 
are the determining factors. They do not differ essentially from 
hydraulic ones. 

Hydraulic and gas-dynamic parameters also depend on external 
factors. An increase of temperature reduces the viscosity of liquids, 
and the permeability of rocks correspondingly increases. 

The degree of swelling of argillaceous rocks rises with increase 
of pressure and falls with rise of temperature. The solubility of rocks 
also depends on temperature. In addition, pressure and temperature 
indirectly affect the hydraulic and gas-dynamic properties of rocks 
by changing their constitution (through compaction, destruction 
of structure, and change of porosity and of the shape and size of pore 
channels, etc.). 

With rise of temperature water passes into the gaseous state, 
and on cooling into the solid state. All the physical properties of 
rock change correspondingly. 

Determination of the hydraulic properties of rocks is based on 
comparison of the weight of specimens at different stages of wetting. 

Water and gas permeabilities are studied by means of a permea- 
meter. Water or gas is passed under pressure through a specimen 
of definite dimensions; the amount passed and the pressure diffe- 
rence are measured, and then the permeability is calculated from 
Darcy’s formula. 

The solubility of rock is determined from the loss of weight 
of a specimen subjected to the protracted action of water or a solu- 
tion. 

In natural conditions the coefficient of percolation or the perme- 
ability of rocks is determined by pumping out water from boreholes 
or mine workings. From this, it is possible to determine the rate 
of flow of water per unit time. Knowing the area of the borehole 
through which it flows, and the pressure difference, the coefficient 
of percolation can be calculated. 

The presence of liquids and gases in rocks, and their capacity 
-to move from one place to another, greatly affects the various techno- 
logical processes of mining, from the operation of drilling, extraction, 
loading, and transport mechanisms to the supporting of workings, 
stopes, dumps, etc. In the majority of cases high water saturation 
leads to a reduction of labour productivity (worsening of working 
conditions, adhesion of rock to mechanisms, etc.) and to difficulties 
in the maintenance of mine workings and dumps. The use of hydrau- 
lic and gas-dynamic parameters of rocks in calculations is therefore 
very necessary. 


7--438 
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Estimates regarding the dewatering of deposits and construction 
of drainage, and the stability of quarry benches and dump slopes 
are based on the natural moisture content of rocks, their permeabi- 
lity, water yield, moisture capacity, etc. If their molecular moisture 
capacity is high and the yield of water low (as in clays and quick- 
‘sands), electrical methods of dewatering become necessary. Gas 
permeability and yield of gas are taken into consideration when 
working gassy coal mines (sometimes sulphide deposits), where 
it is necessary to take measures to combat the evolution of gases 
and sudden bursts of coal and gases. Gas permeability is also cal- 
culated when studying the blastability of rock masses. 

The hydraulic and gas-dynamic properties of enclosing rocks 
become decisive when the mineral being mined occurs in a liquid 
or gaseous state. 

The output of oil and gas wells depends on accurate calculation 
of the water, oil, and gas permeabilities of oil and gas reservoirs, 
and of their storage capacity, oil and gas yields, and adsorption 
capacity. Geotechnological means of extraction that utilize the 
circulation of various solutions, melts, or gases in the rock also 
depend on these factors. It is precisely the low permeability of cer- 
tain rocks that stands in the way of employing geotechnological 
processes to extract their mineral components. 

Differences in the hydraulic properties of rocks are utilized 
in processes of fractional separation. The method of ore beneficiation 
most widely adopted today is that of flotation, which is based on diffe- 
rences in wetting capacities of minerals. 

A second field of utilizing the hydraulic properties of rocks 
is to apply hydraulic forces to them with an eye to improving extra- 
ction technology. Hydraulic forces can be used to weaken, disinte- 
grate, or consolidate rocks. 

As regards its mechanical action, water serves to convey energy 
to the rock. This effect is utilized to break rock in hydraulic mining 
using hydraulic giants. In this system rocks of moderate strength 
(coals, marl, chalk, peat, loams, loess) are broken up by a high- 
pressure jet of water directed by a hydraulic giant at the working 
face. The pressure required at the nozzle of a hydraulic giant is cal- 
culated from the formula 0g; = 0.250¢om. The Institute of Hydro- 
dynamics of the USSR Academy of Sciences has now developed 
a series of impulse installations (hydraulic guns) emitting interrup- 
tedly compact jets of water under pressures exceeding 1,000 to 2,500 
atmospheres. These hydroguns can drill or cut the hardest rocks. 
Various hydraulic and hydromechanical drilling and cutting machi- 
nes have been designed utilizing this principle. 

The dynamic action of water on rocks is also used to enhance 
the blasting effect in breaking rocks. Good results are provided 
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by blasting in water-filled boreholes and blast holes. The water 
keeps the explosion gases from escaping at the moment of blasting, 
and moves along fractures, wetting the rock and contributing to its 
breakage. Tests conducted in the Kuznets Basin have shown that 
extraction of coal per unit area is increased by 28 per cent by this 
method. 

An original method of blasting oversize lumps of rock by water 
is based on the same principle. A blast hole is drilled into the rock 
to a depth of 20 to 40 cm and filled with water, and a spitting tube 
with a length of detonating cord is inserted into the blast hole. 
When the tube is fired, the water breaks the oversize into smaller 
pieces. 

The dynamic action of gases as well as of water is utilized 
in mining. The usual method of blasting, by which gases slacken 
rock masses, may be cited as an example. In the winning of coal, 
a method of breaking the coal down by cartridges filled with liquid 
carbon dioxide is used; the liquid gas is instantaneously changed 
to the gaseous state by a special heater at the moment of blasting. 
The expanding gases loosen the coal. This type of blasting is safe 
and ensures a high yield of large pieces of coal. Compressed air is also 
used to break down coal. 

The weakening of coal seams by the introduction of water under 
pressure is widely applied in mines. In this case, apart from the 
mechanical action of water, the favourable effect of certain hydrau- 
lic properties of the coal is taken advantage of, namely, its water 
permeability, wettability, moisture capacity, and soaking capacity. 
Water is pumped into the drilled blast holes, where it spreads along 
the planes of stratification, and into fractures and pores, expanding 
them and thereby weakening their bonds; in consequence the strength 
of the coal is reduced considerably (by 30 or 40 per cent). This grea- 
tly facilitates the extraction of coal and increases labour productivi- 
ty by 40 or 50 per cent. The yield of large pieces is also increased, 
which is particularly desirable when mining anthracite. In addition, 
dust pollution of the mine atmosphere is reduced (by 60 to 85 per 
cent). The effectiveness of the process can be increased by the addi- 
-tion of special wetting agents. 

This method based on the soaking of rock with corresponding 
lowering of its strength is used in a number of cases in open-cast 
mining. 

Processes of soaking, adsorption, and partial dissolution are 
utilized to weaken rocks for the mechanical drilling of holes. This 
is effected by introducing various wetting agents with a high adsorp- 
tion capacity into the drillhole. The rate of collapse of rock under 
the action of strength-reducing agents is increased by 15 to 50 per 
cent, compared with the rate of drilling under normal conditions. 


71* 
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The reverse effect, that of consolidating rocks by hydraulic means, 
is also obtained by the forced introduction of various solutions 
such as cement, hydrogels of silicic acid, bitumen, etc. The parti- 
cles of a substance adsorbed onto the inner surfaces of fractures 
and pores close them, cement grains together, increase the strength 
of the rock, and reduce its water permeability. Thus, compaction 
depends on a series of hydraulic properties like water permeability, 
ion-sorption capacity, etc. The walls of mine workings, and the slopes 
of dumps or quarry banks are usually subjected to compaction. 

In order to utilize geotechnological methods effectively, good 
permeability is necessary as well as solubility. It is increased in 
various ways, by blasting rock masses, by developing fractures 
through hydraulic methods, and so on. 

To combat gases in underground mines, degasification of seams 
is carried out (i-e., preliminary driving out of the gases). The higher 
the gas permeability of seams, the more effective is their degasifica- 
tion. In this process it is also desirable to increase the permeability 
of the rocks, which can be done by forced introduction of water 
into the coal seams with the aim of creating open fractures in them. 

The wetting capacity of various minerals can be either increased 
or decreased by chemical treatment of the surface of the rock parti- 
cles. This is important in beneficiation of minerals by flotation. 

The capacity of rocks to swell, adhere, etc., is controlled by vary- 
ing the temperature. 


8. Special Technological Indices 
of Rocks 


Certain empirical indices, characterizing the behaviour of rocks 
under the action of special equipment or processes, are more often 
used in mining than parameters dependent on some physical fields. 

The most widely used mining parameter is the strength of rock, 
an index that characterizes the relative resistance of rock to breaking, 
independently of the machines and mechanisms adopted. 

Professor M. M. Protodyakonov has worked out a classification 
of rocks based on their coefficients of strength, which can be calcula- 
ted by the formula 





__ 9com 

i= 100 
It has been found that this index correlates well with all types 
of mechanical breaking of rock, so that this classification has found 
wide application in the mining industry in the USSR. At the pre- 
sent time almost all mechanical means of working ore deposits in the 
USSR are selected by means of this coefficient; it is also used 

to calculate the stability of mine workings and supports, etc. 
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In Protodyakonov’s scale all rocks are divided into ten categories 
(see Appendix, Table XV); those in the first category have the 
highest degree of strength (the most compact, strong and rigid 
basalts, quartzites and other rocks), while those in the tenth category 
are the weakest running ground. The maximum value of the coeffi- 
cient is 20. 

Thus strength has completely replaced a definite physical para- 
meter, the ultimate compressive strength of rock, for all practical 
purposes. It should be noted that Protodyakonov’s scale is designed 
for mechanical techniques of breaking rocks and cannot be used 
to analyse physical methods of acting on rock. 

A second technological parameter is the hardness of rocks; it chara- 
cterizes their behaviour in a state of complex stress and determines 
the resistance of the rock to indentation by a hard tool. 

Hardness is measured by the conventional hardness scale called 
Mohs’ scale, in which ten standard minerals are arranged insuch 
an order that each successive mineral scratches the preceding one. 
The lowest degree of hardness in this scale is 1 (for talc) and the 
highest 10 (for diamond) (see Appendix, Table XVI). Since rocks 
are composed of various minerals, their hardness is composite and 
Mohs’ scale is not applicable to them. 

Depending on whether a tool indents a rock when load is gradually 
increased, or penetrates it by a blow, static and dynamic hardnesses 
are distinguished, such that H,, 4 Hayn. 

The static hardness of the more plastic rocks can be determined 
by the methods adopted to test metals, such as the Brinell test 
(penetration of a hard steel ball into the test-piece), Vickers test 
(penetration of a diamond pyramid), Rockwell test (penetration 
of some pointed indenter under the action of two consecutively 
applied loads), etc. 

These various tests adopt different indices to measure hardness. 
Thus, in the Brinell test hardness is characterized by the ratio 
of the force applied (/) to the diameter of the indentation produced 
by a hard steel ball on the specimen, while in the Rockwell test 
it is measured by the depth of penetration of a pointed indenter into 
the test-piece. 

The hardness test methods adopted for rock consist in making 
a brittle indentation on the surface under a load applied to a special 
press. 

If deformation is recorded during the experiment, then Young’s 
‘modulus for the rock can be determined simultaneously. The method 
of contact strength developed in the Skochinsky Institute of Mining 
is a convenient one. In this test the unpolished surface of the speci- 
men is struck by a cylindrical press with a die of 2- to 3-mm diameter. 
The magnitude of contact strength is determined by the ratio of the 
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load that just breaks the rock (it makes an indentation beneath the 
die) to the contact area (see Appendix, Table XVII). 

Dynamic hardness can be determined by the Shore (or scleroscope) 
test which is essentially as follows: a diamond-tipped hammer 
is dropped from a definite height and the rebound of the hammer 
is taken as the index of hardness. As the coefficient of rebound deter- 
mined on the Tarkhov scleroscope is often also regarded as a measure 
of the elasticity of rock, it is under- 
standable that the two parameters 
of elasticity and dynamic hardness 
are close to each other. 

The dynamic hardness in a mine 
face is determined by the DorNII 
test, * the working principle of which 


6 





0 c D A_ is to measure the energy required 

Fig. 36. Calculating the coefficient 0 drive a punch of definite length 
__of brittleness: into the rock. 

by. = QAC area The hardness of rocks indicates 

br OBD area their resistance to breaking by a 


drilling tool, and so determines 
the productivity of drilling equipment, the need to reinforce 
drilling heads by hard alloys, and so on. 

Coefficients of brittleness are used to express the brittle characteristics 
of rocks. The coefficient of brittleness developed at the Skochinsky 
Institute, for example, is the ratio of the work required to cause 
deformation in the purely elastic zone to the total work expended 
in breaking the specimen (Fig. 36). It rises with increase in ultimate 
uniaxial compressive strength. 

Toughness or rigidity is the resistance of rock to forces tending to 
separate its particles. It is defined by the plastic properties of the 
rock, the ratio between its ultimate tensile and compressive strengths, 
and by its ultimate shearing strength. 

The toughness y can also be calculated from the physical constants 
of rocks. In this case 

Y= Fo Ocom J/m3 
where E>, is the modulus of plasticity. 

For practical purposes, toughness is evaluated by the ratio of the 
resistance shown by a rock to the separation of a part of it from 
the mass to the same resistance in limestone. 

The toughness of rocks affects the outcome of drilling and blasting 
work, the efficiency of excavating machines, and so on. 


* Developed by the Highway Research Institute.—Ed. 
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Abrasiveness is an index used to indicate the capacity of rocks 
to wear a drilling tool out through friction. It is determined by the 
amount of wear of a material being in contact with the rock. Abra- 
siveness is tested as follows. 

A rotating ring made of the material, in relation to which the 
abrasiveness of the rock is to be tested, is pressed against a specimen. 
The ring is weighed before the test and after a certain number of rota- 
tions. The amount of wear AV, per linear metre is calculated and 
the coefficient of abrasiveness is determined by the formula 

leap = AE 
where AV, = wear per unit path, cm®/m 
F = force applying the ring to the rock, kg. 

A simplified method of determining the relative abrasiveness 
of rocks has been devised by the Skochinsky Mining Institute. 
In this method the end of a rotating rod made of soft steel is held 
against the surface of a rock specimen followed by measurement 
of the amount of material (in weight) removed by abrasion. The 
rod is rotated for 400 revolutions per minute under an axial load 
of 15 kg. The weight of the rod lost for 10 minutes (the standard 
time of the test) is a measure of the abrasiveness of the rock spe- 
cimen. 

The most abrasive rocks on the scale of the Skochinsky Institute 
are porphyrites, diorites, granites, and rocks containing corundum. 

The relative indices of hardness, abrasiveness, and toughness 
(rigidity) of some rocks are given in Table XVIII of Appendix. 

In mining practice there are indices of the breakability of rocks 
in certain processes. The most common, not linked up with any 
definite process, is crushability, which is a generalized parameter 
of various mechanical properties of rocks including elastic, plastic 
and strength properties. 

Crushability expresses the energy consumed in grinding a rock 
under a dynamic load. Research indicates that it correlates with 
dynamic methods of breaking rock better than og9m- Modern labo- 
ratory methods of determining crushability are usually based on 
estimation of the power required to crush a definite volume of 
rock. 

By one of these methods, crushability is determined by dropping 
a load of 16 kg onto a specimen from a height of 0.5 m. Crushability 
is established by the volume of particles with a diameter under 
7 mm obtained as a result of this blow. A corresponding classification 
of rocks has been proposed (see Appendix, Table XIX). 

Since the crushability C of rocks is essentially the reciprocal 
of toughness, it may be determined by using the physical constants 
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involved in calculations of toughness: 


1 
C=—- = 
y E— com 


, m3/J 

It should be noted that the technological parameters determined 
by different methods are not the same and should not therefore 
be converted to one another. In all cases when a relationship 
is to be established between these parameters, correlation graphs 
should be constructed on the basis of numerous measurements. 

Crushability plays the same role in mining as strength. Both are 
generalized parameters of the breakability of rocks, with the sole 
difference that crushability is an index based on the energy require- 
ments of breaking rocks while strength is linked only with the firmness 
of rocks. But so far no energy index: of the breakability of rocks 
has been found that can take the place of the coefficient of strength 
for simplicity and universality. 

In most calculations, however, the generalized indices of breaka- 
bility are not used; instead, indices expressing quite concrete types 
of breaking such as drillability, blastability, resistances to cutting, 
chipping, etc., are widely used. 

Drillability is the degree of resistance of a rock to breaking 
by a drilling tool. It embraces such mechanical characteristics 
of rocks as their elastic properties, strength, and plasticity, and 
also technological indices like hardness, abrasiveness, etc. 

Drillability is a technological parameter indicating the depth 
of the hole drilled in the rock being tested in one clear minute of drill- 
ing time in standard conditions; conversely it may give the amount 
of clear drilling time required to drill one linear metre of hole in the 
same conditions. Drillability depends on the design of the drilling 
equipment used and its operating conditions. Therefore in drawing 
up any technological scale of rocks based on drillability one has 
strictly to observe the standard conditions, such as a definite tool, 
strengthened by standard alloys, a definite diameter of blast hole, 
and operating conditions (pressure in the air piping, etc.). 

Obviously, any scale so prepared will be applicable only to a defi- 
nite drilling tool. Consequently a scale of drillability is only adop- 
table for calculating the amount of drilling equipment of a given 
type required, determining its productivity, and standardizing the 
speed of drilling. 

Blastability characterizes the degree of resistance of rocks to explo- 
sion, and is quantitatively expressed by the amount of explosives 
required to crush 1 m® of rock in a mass (unit consumption of explo- 
sives). Blastability includes the elastic (dynamic Young’s modulus), 
strength (ultimate tensile and shearing strengths), and plastic pro- 
perties of the rock. It is utilized to establish the consumption 
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of explosives to work a deposit, to draw up standards for blasting 
work, and to fix working norms for the blaster. It is sometimes expres- 
sed not as the unit consumption of explosives, but as the number 
of linear metres of blast holes drilled to excavate 1 m® of rock (unit 
amount of drilling). 

The quantitative indices of blastability depend not only upon 
the properties of rock but also upon the type of explosive used and 
the technique of placing it in the rock; therefore all these conditions 
must also be strictly controlled when drawing up any scale of rocks 
on the basis of blastability. 

In Soviet mining practice the scale of the Soyuzvzryvprom 
is adopted, in which rocks are grouped in 16 categories on the basis 
of the unit consumption of Ammonite No. 9, which produces a crater 
of standard throw (see Appendix, Table XX). 

In most cases in mining, explosive charges of normal breaking 
are used, by which only the rock of the volume of the crater is bro- 
ken. The unit consumption of explosives for such charges comes 
to a third of the unit expenditure for charges of normal throw (see 
Appendix, Table X XI). In Soviet mining practice the unified clas- 
sification of rocks on the basis of drillability and blastability pro- 
posed by Prof. A. F. Sukhanov is widely used. 

The resistance of rocks to cutting, chipping, etc., is usually deter- 
mined by simulating the work of the breaking (cutting, chipping) 
mechanism, and by determining the amount of work done, the 
volume of rock broken, and the extent of fragmentation. Appropri- 
ate scales are drawn up on the basis of these tests (for example, from 
the unit power of cutting—see Appendix, Table XXII). These 
scales enable us to choose the mechanisms needed to excavate rock 
and also to determine their power and output and fix work norms 
for operators. 


QUESTIONS AND PROBLEMS 


1. What is the minimum possible porosity of rock consisting of identical 
spherical mineral particles? How does the value of porosity depend on the 
size of these particles? 

2. A rock consists of the following minerals: 

(a) plagioclase—20.5 percent of the total volume; specific gravity 2.68; 
(b) orthoclase—38.8 per cent; specific gravity 2.65; 

(c) quartz—27.4 per cent; specific gravity 2.65; 

(d) biotite—13.0 per cent; specific gravity 2.92. 

The total porosity of the rock is 2.5 per cent and the apparent (effective) porosity 
is 1.3 per cent. Determine the specific gravity and the apparent specific gra- 
vity (or apparent density) of the rock. What is the apparent specific gravity 
when the rock is completely saturated with water? The coefficient of fria- 
bility of the rock is 1.6. It is supposed that dump-cars of 20 m3 capacity are 
employed to transport it from the quarry. What should be their minimum 
load capacity (in metric tons)? 
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. It was required to determine the shearing stresses from Mohr’s circles at 


slope angles of 11°, 21°, 45°, 79° and 84° with the horizontal of the plane 
being considered in a specimen. The results of the determinations were acci- 
dentally confused. Can it be determined from the numerical values alone 
which angles of slope correspond to the following normal stresses: 300 kg/cm?, 
480 kg/cm?, 180 kg/cm?, 98 kg/cm?, 180 kg/cm?? 


. From the given numerical values of the parameters determine which of them 


is E, K, G, and M of a rock, if it is known that its Poisson’s ratio is not less 
than 0.35: 
(a) 8 X 105 kg/em2; 2.24 x 106 kg/em?; 1.92 x 108 kg/cm?2; 
2.88 X 105 kg/cm?2; 
(b) 3.26 x 105 kg/cm2; 7.4 x 104 kg/cm?; 2 x 105 kg/cm?; 
4.3 x 105 kg/cm?2; ; 
(c) 2.66 x 108 kg/em2; 5.32 x 105 kg/cm?; 1.92 x 10® kg/cm?; 
1.4. 108 kg/cm?. 


. The ultimate strengths of a rock on uniaxial compression Ocom and tension 


Oten are known. Derive a simplified formula of its cohesive strength and 
angle of internal friction. 


. The certified strength of a limestone is described by the equation: 


z t=24 Vo-+ 140, kg/cm? 


Determine the ultimate compressive and tensile strengths, cohesive strength, 
and angle of internal friction of the limestone. Will it withstand the state 
of complex stress, when 0, = 1,900 kg/cm?; og = 200 kg/cm?; 03= 140 kg/cm?? 


..When a load was applied to a rock, stresses equal to 600 kg/cm? were deve- 


loped in it at the first moment of application. A second measurement of the 
stresses in the specimen after it had been maintained in conditions of con- 
stant stress for 30 days showed a fall of 40 kg/cm? from the initial values. 
Determine the relaxation time of the given rock. ; 


. According to Griffith’s theory of failure the ultimate tensile strength of 


bodies is given by the formula 
‘ _ 4E-5 
ten ~ “Te 
where 6 is the surface tension of a rock, and e the length of the longest 
crack in it. 
Calculate the length of the longest crack that will cause a mineral to break, 
given the following: 











Young's Surface tension Ultimate tensile 
Mineral | ena 6, erg/em? ale 
Calcite 8.45 x 108 200 60 
Hematite 21.5 x 108 980 200 
Pyrite 26.8 x 10® 1,550 460 


Quartz 10 x 105 2,800 1,160 





It is known that the hygroscopic moisture capacity of a rock is 8 per cent, 
its molecular moisture capacity 10 per cent, and natural moisture capacity 
24 per cent. Using these data calculate the total moisture capacity of the 
rock, its coefficient of water saturation, and the yield of water. 


CHAPTER III 


ACOUSTICS OF ROCKS 


The acoustic properties of rocks characterize the relationship 
between alternating stresses of various frequencies and strains (ela- 
stic waves). Elastic waves are related to rock mechanics in exactly 
the same way as electromagnetic waves to electrodynamics; but since 
their effects (especially in the ultrasonic range) have a number of spe- 
cific features, the acoustic and mechanical properties of rocks are 
treated separately. 


1. Propagation of Elastic Waves 
in Rocks 


If a load is applied to a limited part of a rock, giving rise to stresses 
not exceeding the elastic limit, then that part of the rock expe- 
riences a strain, i.e., its particles are shifted a distance u in the 
direction of the deforming force. As rock particles are rigidly conne- 
cted with one another, any deformation of one particle causes adjacent 
ones to move, and in that way the elastic strain is propagated 
(at a difinite velocity). If no loss of energy occurs through the fri- 
ction of neighbouring particles, the elastic disturbance must spread 
throughout the rock. 

According to Newton’s second law the product of the mass 
m of an elementary volume and its acceleration equals the sum 
of all forces >) F acting on it: 

du 
_ Mae DF 
where u = amplitude of vibration, i.e., the instantaneous value 
of the displacement of a vibrating particle from the 
position of equilibrium 
t = time. 
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The sum of the forces acting along any axis of coordinates can 
be expressed as the sum of all the elementary stresses multiplied 
by the areas on which they respectively act. If it is assumed that 
the normal force acts only along the x axis, and the rock specimen 
is in the form of a thin long rod so that shearing stresses are absent, 
then 


> dF =F Ac Ay Az 


Since 
m = 6 Ax Ay Az 
where 6=—~ r is the apparent density of the rock, then 
(Obs jade 
ot? Ox 


This is the equation, expressed in terms of stresses, for the move- 
ment of a‘ certain volume of rock along the x axis when other forces 
are not acting on it. To express it in terms of strains one must use 
Hooke’s law o, = v,~ and replace the relative strain v by the 
corresponding displacement along the z axis: 


ou 
Ox 


Vx = 


We thus obtain the wave equation in unidimensional form (when 
there is no loss of energy): 


ou _ By ou 
a y © Oa2 
This equation characterizes the propagation of a plane longitu- 
dinal wave along the x axis, when the velocity of propagation of 
the compressional wave in a rod-like specimen is 


eal a 


In rocks of large dimensions (in rock masses) three-dimensional 
waves are propagated, which are characterized by the following sys- 
tem of differential equations: 


ee +6V4u 


620 P 
el Ca x ed 


jo 
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where w, v, w are displacements along the x, y, and z axes res- 
pectively; 


OW . i 
6= ae 7 Ges the volume expansion 


0. ; 
=< +z+5 is the Laplacian operator and 


2vG 


A Ta 


is Lamé’s constant 





The propagation of any type of elastic strain in rocks can be des- 
cribed by the solution of this system of differential equations. 
When alternating loads act upon a rock, elastic waves are propaga- 
ted in it. Hence, elastic waves in rock are a process of propagation 
of alternating elastic deforma- 
tions of its particles. The fre- 


quency of these vibrations can 
obviously be most varied, depen- ces 
ding on the frequency of the 
source that generates them. 

Elastic waves are divided accor <*> <> <> <=> 
ding to frequency into infrasonic ‘ () 
(frequency under 20 hertz), awdio { { 


(20 to 20,000 Hz), ultrasonic 
(more than 20,000 Hz), and 
hypersonic (more than 10!° Hz). 
The frequency of hypersonic wa- { 
ves is Close to that of the thermal { 
vibrations of molecules (10 Hz). 
Low-frequency waves, which are (c) 
quickly damped and which are 
propagated in the earth’s crust, 
are known as seismic waves. 

Since elastic waves represent —> 
the propagation of strains in a 
substance, waves of different 
kinds may arise, depending on the Fig. 37. Types of elastic waves: 
type of strain (Fig. 37). Strains of 2 — longitudinal; Mee eroees e — flex- 
alternating triaxial compression ; 
and tension give rise to longitudinal elastic waves, which can be pro- 
pagated in any medium (gases, liquids, or solids), since all substan- 
ces are resistant td triaxial compression. It is longitudinal waves 
that give rise to sotrid: The second type of wave, which occurs 
through the propagation of shear strains in a medium, is known 
as transverse, and is characteristic only of solids, since liquids and 
gases are not resistant to shear. These two types of waves are pro- 
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pagated throughout the entire volume of a rock and are therefore 
called body waves. 

The condition of the surface particles of a body, in particular 
of rock, is rather peculiar, since they offer less resistance to displa- 
cement. As a result, plane surface (Rayleigh) waves develop on the 
surface, which are characterized by the movement of particles 
in an elliptical trajectory with its long axis at right angles to the 
direction of the wave propagation. In this case every particle of rock 
performs two oscillations, namely, along and across the wave. 
Surface waves are also characteristic only of solids. 

For rod-like specimens two other types of wave are distinguished, 
torsional and flexural. 


2. Acoustic Properties of Rocks . 


The nature of the propagation of elastic waves in rocks is defined 
by the latter’s acoustic parameters, which include the velocity 
of propagation of elastic waves, acoustic absorption coefficients, 
and wave impedance. Rocks are also characterized by coefficients 
of reflection and indices of refraction of elastic waves. 

By the wave velocity we usually understand the rate of propaga- 
tion of some phase of elastic waves. 

The velocity of propagation of elastic waves in an infinite absolu- 
tely elastic and isotropic medium can be determined by formulas 
derived from the wave equations. Thus the velocity of longitudinal 
waves in a rock mass is 


A’ + 2G E (1—Vv) 
vp=V =H &= V eats 8 TPH Uday’ M/sec 


‘The velocity of wa sessile of transverse waves is 


G E 1 
w=V oe=V Zerg: m/sec 


The velocity of surface waves (Love waves), vz, can be expressed 
through the velocity of transverse waves: 


vz = 0.919vs, m/sec 


Here the following relation is observed between the velocities: 
Vy > Vg > Vy. 

The ratio of the velocities of longitudinal and transverse waves 
in rocks is merely a function of Poisson’s ratio and can therefore 
serve as a characteristic of the latter: 


"Pn / 1—v 
ie. 2 3 
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The value of v,/v, varies in crystalline igneous and metamorphic 
rocks in most cases within a very narrow range, between 1.7 and 
1.9. The range of variation of v,/v, for sedimentary rocks is wider 
(from 1.5 to 14), owing to the low shear strength of weak and porous 
rocks (v —-> 0.5). The value of v,/v, is very high for argillaceous rocks, 
and tends to infinity in friable rocks. 

Thus the velocity of elastic waves is determined by the elastic 
constants and density of the rock in which they are propagated. 
It should be noted that this velocity does not in practice depend 
on frequency, so that it is possible to employ any frequency of vib- 
rations for research. 

In rocks, as in other substances, the propagation of elastic waves 
is accompanied with a gradual drop of intensity the further they 
spread from their source. In most cases, two factors are responsible 
for this loss of intensity: (1) absorption of a part of the elastic energy 
by the rock and its transformation into heat, owing to friction bet- 
ween the vibrating particles; and (2) dissipation of the sound energy 
in various directions owing to inhomogeneities in the rock (pores, 
fractures, disseminations, etc.). 

The amplitude of elastic waves, u, is related exponentially to the 
distance z the wave has travelled: 


u= ue 9* 


where © is the absorption coefficient, 1/m. 

The absorption coefficient of elastic waves depends both on the 
properties of the rock (elastic and thermal properties, and the coeffi- 
cient of internal friction) and on the frequency of the vibrations. 

For homogeneous bodies and single crystals the absorption 
of sound waves is not great and is determined by the viscosity 
(rigidity) and thermal conductivity of the bodies; and as for liquids, 
the dependence of the absorption coefficient 0 on frequency f is in 
this case quadratic (Stokes-Kirchhoff formula): 


__ 2n2f2 ( 4 cp—cy 
as v3 (3a+A cpcy ) 


= velocity of the elastic waves 
= density of the rock 
= coefficient of viscosity (internal friction) 
= specific thermal conductivity of the rock 
cp and cy = heat capacities of the rock at constant pressure 
and constant volume, respectively. 

The role of thermal conductivity in the absorption of elastic waves 
is related to the fact that an exchange of energy takes place during 
the passage of a wave between the compressed part of the rock (where 
temperature is raised) and the stretched part (where temperature 








where 


rPsaoed 
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is lowered). The value of that part of the coefficient that is depen- 
dent on thermal conductivity, however, is significant for metals 
only, and is relatively small in rocks and may therefore be ignored. 
Then 


Experiments to determine the absorption of elastic vibrations 
in rocks show that the dependence of 0 on frequency is linear for 
most rocks rather than quadratic. The linear relationship between 
@ and f has been observed in coals, rock salt, dry sand, granites, 
etc., which gives grounds for believing that absorption in rocks 
is mainly due to diffusive dissipation rather than to their rigidity 
and thermal conductivity. In loamy and clayey rocks @ is propor- 
tional to log f. The acoustic absorption coefficient is always greatest 
in those rocks in which the velocity of elastic waves is least. 

In ‘calculations use is often made of the product of rock density 
and the velocity of an elastic wave in it, a quantity known as specific 
wave impedance (specific acoustic impedance), which is essentially 
the ratio of wave pressure o to the velocity v’ of particles vibrating 
at a point: 


oO 
z= cosg’ => v 
v g 


where q’ = phase angle of shear between the pressure and velocity 
of particles 
v = velocity of the elastic wave. 

The unit of specific wave impedance is known as the acoustical 
ohm (g/cm?-sec). 

The wave impedance of rocks is a factor governing their capacity 
to reflect and refract elastic waves. Reflection and refraction takes 
place either at the interface between rocks of differing acoustic 
properties, or when elastic waves pass into rock from an external 
medium (or vice versa). As a first approximation, the known laws 
of geometrical optics can be applied to them. 

The ratio of the energy of the reflected wave W, to the energy 
of the incident wave W, is known as the energy coefficient of reflec- 
tion ke: 


Here the angle of incidence 5 of the sound wave upon, and its 
angle of reflection 6, from, the interface are equal (Fig. 38). 

The reflection coefficient &, can also be expressed in terms of spe- 
cific wave impedances; the greater the difference in the impedances 
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of the media, the more energy is reflected:. 


_ 24— 2 2 
ee (eae) 
When sound energy passes from a medium with low wave impe- 
dance to a medium with high impedance, the bulk of the energy 
is reflected. Thus 99.8 per cent is reflected when elastic waves pass 


from air into water, and 85 per cent when they pass from water 
into rock. 





(a) 66 (c) 5, 


> 





Fig. 38. Refraction and reflection of ultrasonic wave from the interface sepa- 
rating two media: 


a — general case; 6 — moment of internal reflection of longitudinal wave; c — moment 
of internal reflection of transverse wave; 6 — angles of incidence and reflection; pp — angle 
of refraction of longitudinal wave; tps — angle of refraction of transverse wave. 


The angles of incidence 5 and refraction p of an elastic wave pene- 
trating rock obey Snell’s law, according to which they have a defi- 
nite relation to the velocities v, and v. of the wave in the first and 
second media, respectively: 

sind 4 
sintp Vg 





The ratio v,/v, = n is the refractive index of the elastic wave 
with respect to the first medium. 

As the velocities of various types of wave differ, so the passage 
of an ultrasonic ray through rock results in its division into longi- 
tudinal and transverse waves along the lines of propagation. If the 
ray meets an interface at right angles, it is totally reflected. When 
the angle of incidence is greater than 0°, the wave is both reflected 
and refracted; as it increases, however, a point is reached. at which 
total reflection (angle of reflection = 90°), first of the longitudinal 
wave, and then of the transverse one, is complete (the first and 
second critical angles 5, and 45, respectively) (Fig. 38d and c). 

When a sound wave is reflected from a surface, incident waves 
are superimposed on the reflected wave in the wavefront just before 
the surface, i.e., interference occurs. Here the angle of incidence 
and the phase shift between the incident and reflected waves are 


8—438 
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decisive. Phase shift is determined by the wave impedance of the 
reflecting medium. When the phases of the two waves coincide, 
they are summated, the amplitude of the total wave is considerably 
increased, and stationary or standing waves are developed, a pheno- 
menon that has found wide application. 

All the acoustic properties of rocks depend on their elastic chara- 
cteristics. The velocity of longitudinal waves increases with increase 
of Young’s modulus and Poisson’s ratio. Increase of the latter from 
0.1 to 0.4 increases vp by around 45 per cent. The velocity of trans- 
verse waves also rises with increase of E, but falls by about 20 per 
cent with an increase of v from its minimum to maximum value. 
Maximum velocities of elastic waves are therefore observed in slight- 
ly porous rocks consisting of dark-coloured minerals (with high 
values of £). For example, the velocity of longitudinal waves in gab- 
bro, peridotites, basalts, skarns, etc., becomes as high as 6,000 
to 7,000 an/sec. 

The; velocity of longitudinal waves characteristically does not 
exceed the: indicated limits in metals (because of their density) 
in Spite of the high values of their elastic parameters. (The acoustic 
properties of selected rocks, minerals, and metals are given in the 
Appendix, Table XXIII.) 

It is known that porosity greatly reduces the Young’s modulus 
of rocks; therefore the velocity of elastic waves is also reduced in 
porous rocks (Fig. 39). The following correlation has been derived, 
for example, for dolomites: 


Vp = 9,430 — 107P, m/see 


where P is in per cent. 

In layered rocks the velocities of elastic waves differ along and 
across the layers, and v, is always greater than v;. When the rock 
consists of layers of two different types, then in the simplest case 
(in which the two layers have the same specific acoustic impedance) 
the velocity of waves can be calculated from the total time taken 


to travel through the layers: 


a uy Ve 
where 1, and J, are the thicknesses of the layers with sound velo- 
cities v, and v,, respectively (J,+ 1, = 1). 
The sound velocity along the layers is 
Vi = 484, + V2Sq 
where s is their cross-sectional area. 


When the specific wave impedances of the layers cannot be taken 
as equal, then the equations for the velocities of elastic waves along 
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and across the layering becomes complicated. Thus 


Sev: Vi 
Soi V; 


af SEDO 


where 6, is the siaine of the rock constituting the layer, for which 
the average volume is V; and the elastic velocity 1;. 

These last} formulas are also not, however, wholly valid since 
they have been derived without consideration of the effect of shear. 


| 


(a) 


(c) 
¥, km/sec 
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Fig. 39. Dependence of the velocity 

. of longitudinal waves upon the appa- 

rent specific gravities of (a) limestones 

and (b) clays; (c) the velocity of lon- 

gitudinal waves a porosity of 
rocks. 
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For most sedimentary rocks the coefficient of anisotropy varies. 
between. 1.1 and 1.3 (Table 5). 

The velocity of sound is also influenced by the size of the grains 
constituting the rock. The velocity of elastic waves is greater 
as a rule in fine-grained rocks than in coarse-grained ones. 

The magnitude of elastic wave velocity v defines such properties 
as specific wave impedance z, the absorption coefficient 0, the 
coefficient of reflection &, and the refractive index n (z and k, increase 
with rise of v, but 6 and the absolute value of n fall). The absorption 
of elastic waves, for example, is therefore always less along the laye- 

8* 
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ring than across it, and with increase of porosity and grain size 
® increases (Fig. 40). The absorption of different types of wave 
is also not identical. 


TABLE 5. 


Velocity of Longitudinal Sound Waves in 
Layered Rocks 





Velocity of the longitudinal wave, 
m/sec Coefficient of 


Rock anisotropy 
parallel to perpendicular to OylPL 
stratification stratification 
Limestone. . 5,300 5,100 1.04 
Sandstone. . . 3,800 3,200 1.419 
Marl ..... 4,300 3,900 1.10 
4,600 3,800 1.18 


Serpentinite 





Loose rocks do not in practice offer any resistance to shearing 
forces, the magnitude of which is determined by internal friction, 
so that only longitudinal waves are propa- 
gated in loose rock, as in liquids. Accor- 
dingly, the more disturbed a rock is (by 
fracturing or weathering, etc.), that is, the 
closer it is to the loose state, the slower is 
the velocity and the greater the absorption of 
transverse waves in them. 

External factors also affect the acoustic 





oO 7 
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Fig. 40. The effect of 
the average grain size 
day on the intensity of 
vibrations J passing 
through the specimen. 


sively through the 


properties of rocks. The wetting of porous 
rocks leads to a change of elastic wave velo- 
cities in them. If the wetting does not soften 
the rock, then the velocity of sound in it 
can be calculated in a simplified way from 
the time of travel of the elastic wave succes- 
mineral skeleton and through the pores 


(tm and tp, respectively): 


1.e., 


or’ 


t=tmttp 


VpYm 


U OmP +p 1 P) 
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where v, = elastic wave velocity in the substance filling the pores 
Vm = elastic wave velocity in the mineral skeleton of the 
rock. 

If the difference in the specific wave impedances and Poisson’s 
ratios of the mineral skeleton and pore-filling substances is taken 
into account, then the formula of wave velocity in a heterogeneous 
medium assumes a more complex form: 


1+ 4m _ => Vi (4+4:) 


Vim vidi 


where 





Thus, the higher the sound velocity in the pore-filling material, 
the greater is its total velocity in the rock sample. Since the velo- 
city of sound in water (v;) is five times greater than in air (v,) (Tab- 
le 6), water saturation leads to a rise in the elastic wave velocity 
in hard rocks. 


TABLE 6. Acoustic Properties of the Constituent 
Phases of Rocks 


Coefficient of absorption 


Velocity of 
Phase density, longitud inal 
kg/m3 m/sec f{=105 Hz f{=107 Hz 
Water ...{ 1,000 1,485 8.5x10-5 | 8.51071 
Air .... 1.29 331 1.24x 410-1 | 1.24103 
Ice .... 918 3,200-3,300 = _ 





The wave velocity in rocks completely saturated with water, 
however, is lower than in slightly porous rocks, because v, is less 
than the sound velocity in the mineral skeleton. 

Transverse waves can only pass through the mineral skeleton; 
consequently v, remains almost constant in rocks whatever the 
degree of wetting. 

It is known that increase of pressure on rock (especially, confining 
pressures) increases the values of its elastic constants. The velocity 
of elastic waves in stressed rock is therefore found to increase. 

The degree of compaction of rocks depends on the load applied 
to them. For this reason the same rocks lying at differing depths 
and subjected to different pressures will have different elastic wave 
velocities. 


118 CHAP. III, ACOUSTICS OF ROCKS 





The dependence of sound velocity on compaction and loading 
is clearer in the case of porous and loose rocks, since pressure has 
a relatively greater compacting effect on them (Fig. 41). In sandy 


AV,% 
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Fig. 44. Relative variation of the velocity of longitudinal waves at confining 
pressures: 
1 — sandstone; 2 — syenite; 3 — dolomite; 4 — schist; 5 — basalt; 6 — gabbro. 


marls with an initial porosity of 25 per cent, for example, the velo- 
city of longitudinal waves at pressures up to 1,000 kg/cm? increases 
by 50 to 60 per cent; in less porous rocks it increases only by 10 
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Fig. 42. The relative velocity of elastic waves versus temperature on high- 
frequency electrical heating of rocks: 
1 — epidote-garnet skarn; 2 — pyroxene-garnet skarn; 3 — dolomite. 


to 20 per cent (with increase of pressure up to 4,000 atm, vp rises 
by 5 to 7 per eent in gabbro, and by 10 to 20 per cent in granite). 

A similar pattern is observed in the propagation of transverse 
waves, but the increase of their velocity with pressure takes place 
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more slowly and up to a definite limit. With further increase of 
pressure the ratio vp/v, remains almost constant. 

Increase of pressure on rock reduces its anisotropy. 

All the other acoustic parameters of rocks change in accordance 
with the change in wave velocity with pressure. The coefficient 
of absorption, for example, 
decreases (by 15 to 35 percent =v, m/sec 
in porous rocks), while specific 
wave impedance increases. 3000 

Rise in temperature changes 
the velocity of elastic waves 2699 
in rocks in exactly the same 
way asit affects their elastic  2600F 
constants. In most cases the 
velocity of longitudinal waves ; 
falls and the coefficient of “zag 
absorption rises (Fig. 42). 

In wet rocks, an abrupt rise 2900 
in sound velocity is observed 
when their temperature falls 00 
to below the freezing point of 
water (Fig. 43). The velocity 
of sound in ice is about yy 
3,300 m/sec. A sharp rise in the 
velocity of transverse waves 1200 
is observed in frozen rocks. 

All these phenomena find wide 
application in mining to obtain 
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properties and state of the gy 
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Elastic waves not only serve Fig. 43. Velocity of ultrasound in 

as carriers of definite informa- frozen rocks: 


tion, but may also be sources dre GANONG P= SUES Oz IAN 


of physical action on rocks. 

Their effect is only appreciable when they are sufficiently intensive. In 
that respect ultrasonic waves are the most useful, as their short length 
allows them to be concentrated in narrow beams. The sound energy 
concentrated in the beam enables high intensities of sound to be obtai- 
ned with limiting amplitudes of displacement. As a result, specific 
mechanical, thermal, electrical, and chemical effects are produced 
when an ultrasonic beam of sufficient intensity passes through 
a substance. The cause of these effects is the vibration of particles 
produced by ultrasound (especially the longitudinal vibrations 
associated with compressive and tensile strains). 
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When ultrasound passes through a liquid, cavitation occurs. The 
ultrasonic waves produce zones of tension and compression in it, and 
in zones of tension bubbles form owing to cavitation. At low fre- 
quencies a low intensity of sound is usually required for cavitation. 
At frequencies higher than 5 MHz cavitation is not seen because 
bubbles have no time to form and disappear. 

Cavitation is the cause of a number of effects in liquids, the most 
important of which is the dispersion of solids occurring in the zone 
of propagation of sound through the liquid. 

The rate of ultrasonic rupture is determined in the main by the 
brittleness of the solid. The more brittle it is, the higher the rate 
of breaking, other conditions being equal, since, in the breaking 
of a plastic body almost the entire work of dispersion is spent on its 
plastic deformation. The strength and microhardness of lead, for 
example, are much lower than those of arsenic; but the rate of break- 
ing of arsenic is about 100 times greater than that of lead. 

Rocks in which the cohesive forces are not large (gypsum, mica, 
graphite, sulphur) are easily dispersed by ultrasound. The dispersive 
effect is increasedj by adding surface-active substances to water (in 
amounts less than 0.2 per cent). Cavitation also causes degassing 
of liquids and melts. Degassing is connected with the fall of liquid 
pressure in the tension phase and consequent expulsion of the gas. 

The electrical and chemical effects of the ultrasound are also 
due to cavitation. The principal electrical effect is luminescence. 
The chemical effects are that ultrasound accelerates reactions and 
causes oxidation, reduction, and condensation. Research has shown, 
for example, that it considerably intensifies the leaching of copper 
from sulphide ores. The causes of these effects are the strong mecha- 
nical action and the electrical fields and ionization of the liquid 
resulting from cavitation. 

A mechanical effect in liquids and gases that requires mention 
is a phenomenon that is the reverse of dispersion, i.e., coagulation 
(deposition) of solid particles suspended in air, gases, or liquids. 
In passing through a liquid in which solid particles are suspended, 
ultrasound causes them to vibrate at frequencies and amplitudes 
depending on the mass of the particles. Their vibration increases 
the frequency of their collision and intensifies their adhesion, enlar- 
gement, and deposition. When elastic waves pass through solids, 
a number of other effects are also produced, viz. (1) their breaking 
owing to fatigue resulting from the prolonged action of alternating 
stresses (at sufficiently large amplitudes); and (2) their heating, as 
a result of the absorption of the ultrasonic waves. 

If loss of heat through heat conduction is neglected, the rise 
in temperature of a certain volume of rock (of weight G) when 
ultrasonic waves of energy W are transmitted through it for a definite 
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time ¢ may be approximately expressed by the formula 
AT = aa C 


where c is the specific heat of the rock. 

Elastic waves of audio and infrasonic frequencies can cause thixo- 
tropy of wet argillaceous rocks. They considerably reduce the inter- 
nal friction of loose hard rocks, since the bonding between particles 
sis weakened by the vibration. 

The effect of elastic waves depends not only on the mineral com- 
position and constitution of the rock, but also on various external 
factors, such as humidity, temperature, pressure, and electrical 
fields. The action of the ultrasound on wet rock, for example, may 
cause cavitation and various electrical and chemical effects that 
are not characteristic of it in a dry state. Research into the effect 
of ultrasound at high temperatures has not yet been studied, but 
it is quite evident that the heating of rocks will be accompanied 
with certain effects from elastic waves. Experiments have been made 
that show that when metals (like copper) are heated to a tempera- 
ture of 900° to 1100°C and subjected to ultrasonic action, their plastic 
‘properties are sharply reduced; an increase in the period of irradia- 
tion of copper leads to the development of microcracks. 


3. Employment of Acoustics in Mining 


Elastic waves can be induced in rocks by explosions, blows, mecha- 
nical vibrators, and piezoelectric and magnetostrictive generators 
or transmitters. Explosives are employed to produce seismic waves, 
the mechanical method is used mainly to induce waves of infrasonic 
and audio frequencies; piezoelectric and magnetostrictive transmitters 
develop ultrasonic waves. 

Piezoelectric transmitters utilize piezoelectric effect, i.e., the capa- 
city of certain crystals to expand and contract in a variable electric 
field as a result of the change of field (crystals of quartz, Rochelle 
salt, barium titanate, etc.). 

Magnetostrictive transmitters are based on the effect of change 
in the size of certain ferromagnetic bodies when they are magnetized 
and demagnetized. These transmitters produce radiation of consi- 
derably greater intensity than piezoelectric ones. 

Acoustic methods are widely employed in mining to obtain infor- 
mation about rocks and rock masses. They are based on the relation- 
ship between the various acoustic properties of rocks (velocity of ela- 
stic waves, coefficients of absorption and reflection, refractive 
index) and their other physical properties (e.g., elastic constants), 
mineral composition (presence of coarse inclusions), structure (poro- 
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sity), external condition (fracturing and disturbance, stressed state, 
moisture content, degree of freezing of the water in them, etc.). 
In these studies wide use is made of pulsed ultrasonic instruments. 
Pulsed vibrations are generated in order to avoid the development 
of stationary waves in the solid mass that might distort the results. 
In the laboratory, ultrasonic methods are mainly used to determine 
dynamic elastic properties like Young’s modulus and Poisson’s 
ratio, for which it is sufficient to measure the velocity of propaga- 
tion of waves through a specimen. 
Young’s modulus can be calculated from the velocity of longitudi- 
nal waves in a thin rod*: 
E=ypt 
g 
When sound waves are transmitted through large specimens, the 
elastic constants are determined from the two velocities vp and Us: 


pa eY (A+y) (120) 
g (t—v) 

vi, — 25 

2 (v3 — vA) 

There is also a resonance method for measuring E, in which the 
frequency of free vibrations f, of specimens is determined. This 
frequency bears a definite relation to Young’s modulus. Thus, when 
longitudinal waves are propagated through a thin rod of length / 


A er 


1 E 
fo= 0 OT } 
E=A(fol)?8 


where 6 = + is the density of rock in g/cm’. 


In mining conditions the state of the rock mass is determined 
by means of acoustic methods as follows: the pillars and roofs of wor- 
kings are examined by an ultrasonic detector, sound waves are 
generated in the rock (in coal mines) and monitored in order to detect 
imminent sudden outbursts of coal and gas, to measure the stresses 
in those parts of the seam close to the working face, to determine 
the rock pressure, etc. 

It has also been established that the higher the ash content 
of coals, the greater is the velocity of propagation of ultrasonic 


* A rock specimen may be taken as a rod if its cross-section a has the fol- 
lowing relation tothe frequency f and velocity v of elastic waves: 


a-f > 3v or 23 


where l’ is the length of the elastic wave. 


> 
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waves, which makes it possible to study ash content without 
resorting to laborious chemical studies. 

These methods of investigating rocks are based on the transmis- 
sion of sound waves. In them the source (generator) and receiver are 
placed,on opposite sides of the object studied. When. only one 





Vig. 44. Detection of foreign inclusion in a rock mass by acoustic methods: 


a — by reflection method; b — by irradiation method; 1 — radiator; 2 — receiver; 3 — 
oscillograph; 4 — discovered body; 5 — zone of acoustic shadow. 


surface is accessible, the method of longitudinal profile has to be. 
adopted, in which the source and receiver are located on the same 
surface along the line of the profile. 

Finally, to establish the boundary between different types of rocks 
and to detect voids, large fractures, or foreign inclusions in the rock 
mass being mined, the.so-called echo-sounding is used. The ultrasonic 
transmitter designed by the Ukrainian Institute of Automation, 
for example, operates on the principle of reflection of ultrasonic 
waves, and enables the boundary between coal and enclosing rock 
to be determined from the time of propagation of the direct ray 
and its reflection from the coal-rock interface. It can be employed 
to automate the operation of cutter-loaders at the coal long-face. 
Transducers are now designed, which utilize the same principle 
to detect solid inclusions (e.g., solid pyritized nests in coal) during 
the operation of rotary excavators (Fig. 44). 
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Thus ultrasound can be employed wherever a definite relation- 
ship has been established between the acoustic parameters of rocks 
and any index significant in mining. 

The main advantage of ultrasound is the possibility it offers 
of investigating rocks not only in the laboratory but also in natural 
conditions. The investigation of rocks in masses is, however, hampe- 
red by high coefficients of absorption of ultrasound, which make 
impossible the propagation of ultrasound (especially in loose 
or fractured rocks) through sufficiently large volumes of rock. This 
circumstance affects echo-sounding even more, since the ultrasonic 





Fig. 45. Measurement of the depth of Soenereniee of the reflecting stratum: 


A — point of generation of elastic waves; B a — points of Eeflestion of waves; C and 
C’ — points of arrival an the reflected waves 


ray with this method must travel twice the distance, up to and back 
from the reflecting horizon. It is also important, in echo-sounding, 
to know the energy coefficient of reflection. Devices working on the 
principle of reflection can provide reliable readings only when the 
reflected energy reaching the detector is not less than the latter's 
response. 

Lowering of the frequency of elastic vibrations, of course, reduces 
their absorption; at the same time, however, it also reduces the 
directivity of the ray and intensifies diffraction, which hampers 
the application of simple ultrasonic apparatus for investigation 
of rocks. It is necessary either to increase the intensity of the vibra- 
tion or to reduce their frequency, but both of these remedies present 
certain difficulties. Elastic waves of low frequency, produced 
by explosion, impact, etc. (i.e., seismic waves), are most frequently 
employed, especially in geophysical methods of deep-level prospec- 
ting, where it is necessary to investigate large thicknesses of the Earth. 

In propagating at depth, elastic waves meet different rocks, are 
refracted, and reflected from them, and return to the surface. In the 
simplest case the time of travel of an elastic wave (Fig. 45) is appa- 
rently 
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where s = distance travelled by the wave to the reflecting interface 
v = velocity of propagation of the seismic wave. 
If hk is the depth of occurrence of the reflecting stratum and / the 
distance between the points of generation and reception of the elastic 
wave, then, for horizontal occurrence of the reflecting stratum, 


n-L VRRP 


If the velocity of propagation v in the rock mass being studied 
is not known, then several bases or source-receiver distances (1,, lo, 


1, psec 





Fig. 46. Time-distance curve for reflected waves, 


etc.), to which the travel times ¢,, f., etc., correspond, are utilized 
(Fig. 45). We then obtain a system of equations, from which the 
velocity and depth of occurrence of the reflecting horizon can be 
calculated: 


v= VTE 
1 
h=pVRP—E 


When the reflecting stratum occurs at an angle, the time of arri- 
val of the reflected wave is recorded at several points, and from 
the results obtained a hodograph of the reflected wave (a graph 
showing the dependence of the travel-time of the reflected wave 
upon the distance x along the horizontal) is plotted (Fig. 46). 
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The equation of the time-distance line for reflected waves is as fol- 


lows: 
t=+y 2? — 27 tm + 4h? 


where 2 = distance between the source of the elastic wave and 
its point of arrival 
h = depth of the reflecting stratum measured along its 
normal from the point of generation of a pulse 
Im = distance between the point of elastic wave generation 
O and the projection of an imaginary point of gene- 
ration O, on the horizontal. 

To investigate rock masses during extraction, where the base 
lines between source and point of arrival are much shorter than 
those used in geophysical prospecting, it is impossible in practice 
to employ explosions. The impact of a hammer or weight is used 
instead to generate seismic waves, and special instruments used 
to receive and interpret them. 

It has to be remembered that it is necessary in all cases to employ 
the maximum possible frequency of elastic vibrations, as that increa- 
ses the resolution of the techniques used, and consequently the 
accuracy of the results obtained. 

Ultrasonic vibrations can be used over bases (source-receiver 
distances) of the order of 0.2 to 10 metres, depending on the condi- 
tion of the rock mass. 

A most important factor in working rocks is their degree of fra- 
cturing and disturbance. The velocity of propagation of elastic 
waves v can be used for quantitative evaluation of that parameter, 
since v depends on the fracturing of rocks. Since the rate of propaga- 
tion of sound in a monolithic specimen is vy, and in a rock mass 
Vy, and vz is practically always less than 1, the ratio v./v, can serve 
as a characteristic of the disturbance of the mass (i.e., as an acoustic 
index of its fracturing). For this purpose 1, is measured by ultrasonic 
techniques, and v, by seismic (impact) ones. 

The degree of disturbance of a rock mass can also be estimated 
from the ratio of the velocities of longitudinal and transverse waves 

‘Up/vs. Higher values of vp/vs correspond to greater disturbance. 
The coefficient of absorption is also linked with disturbance, and 
it can also therefore be used to obtain information about the condi- 
tion of a rock mass. 

The change of the elastic velocity due to the freezing of wet rocks 
is utilized to determine the mechanical properties of loose frozen 
rocks and the thickness of frozen layers with the aim of detecting 
unfrozen water-filled lenses in zones of permafrost, and vice versa. 
Acoustic methods can also be employed to detect ice-filled fractured 
zones in hard rocks. 
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The difference between the velocities of elastic waves in frozen 
and unfrozen rock is utilized, when freezing techniques are employed 
in the sinking of mine shafts, in order to check the development 
of the ice-rock cylinder. As the frozen layer grows in thickness’ the 
velocity of elastic waves increases. 

The second field of acoustic phenomena, the effect of elastic waves. 
on rock, has begun to find quite wide application, mainly to acce- 
lerate processes of weakening and breaking, and to dress minerals. 

The following phenomena are used to break rock: rupture due 
to fatigue, cavitation, thixotropy, and lowering of the coefficient 
of internal friction under the action of elastic vibrations (for which 
the frequencies employed may vary greatly, from infrasonic to ultra- 
sonic). 

Infrasonic vibrations and sound waves of lower frequency than 
ultrasonic make it possible to increase the energy of a single impact 
of a tool. They are utilized, for example, in rock loaders with vibra-. 
ting blades. As a result, the power required to force the bucket into 
the loose mass is reduced by a factor of three or four, and producti- 
vity is raised by upward of 20 per cent. The application of vibration 
in the scraper mechanisms increases productivity by 60 per cent. 

Audio-frequency vibrations are used in the design of certain 
machines for vibrodrilling argillaceous ground. Vibrators transmit 
through the drilling bit a frequency of 20 to 40 hertz (1 Hz = 1 
cycle per second) to the soil, as a result of which the clay becomes 
less viscous (through thixotropy) and allows the drilling tool to pass. 
freely. 

Experimental machines for vibratory rotary-percussion drilling 
of vertical and inclined holes in hard rocks have been designed. 

Turbo-sonic drills make use of the failure of rock through fatigue 
from the effect of vibrations of a frequency of 40 to 60 hertz. The 
drilling tool is pressed to the bottom of the borehole and transmits. 
longitudinal vibrations to a small area of it. The rock, being subjec- 
ted to elastic vibration, suffers fatigue and breaks up. It has been 
found that drilling is most effective when the amplitude and frequency 
of the drill’s vibrations match the acoustic properties of the rock 
in such a way that a stationary resonance wave is produced in the 
bit at the bottom. The rate of drilling in granites is considerably 
higher with this technique than with other mechanical means. 

Magnetostrictive drills producing vibrations of much higher 
frequency have been tested in the laboratory. Their advantage lies 
in the absence of mechanical vibrators and a higher efficiency. 

The phenomenon of cavitation is employed in the metalworking 
industry (in drilling holes and in ultrasonic cleaning of components). 

Experimental rock drills and cutters operating on similar princip- 
les have been designed. 
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Ultrasonic effects, like coagulation, dispersion, degassing, ‘etc., 
are used to dress minerals. 

The capacity of ultrasound to intensify the effect of leaching 
of copper ten-fold may find wide application in the processing 
of copper ores and in extracting the metal from poor ores directly 
in deposits. Practically 100 per cent extraction of copper is achieved 
when chrysocolla is exposed to an ultrasonic field for around 30 minu- 
tes, and 72 per cent from chalcocite. Even chalcopyrite, which cannot 
be leached by the usual methods, yields copper to make 2 per cent 
solution when exposed to ultrasound for half an hour. 

Coagulation is employed to accelerate the deposition of particles 
and for selective deposition of minerals. It can also be used to settle 
dusts within the face area of mines, to speed up the clarification 
of water in hydraulic dumps, etc. In the oil industry acoustic action 
is employed for high-efficiency dewatering of petroleum; in this 
case advantage is taken of the ability of ultrasound to separate 
molecules and particles of differing mass in inhomogeneous suspensions. 
The technique is based on the fact that particles of different mass 
vibrate at different frequencies when acted upon by a sound of con- 
stant frequency, as a result of which hydrodynamic forces of attrac- 
tion develop between co-vibrating particles so that they collect 
in one spot. Two liquids, in this case oil and water, can thus be sepa- 
rated. 

The acoustic properties of rocks are also employed:in operational 
calculations (e.g., in blasting). In explosions shock waves arise 
apart from seismic vibrations, near the point of explosion. They 
differ from elastic waves in that the stresses and strains produced 
by them in rock exceed its limit of elastic recovery and attain 
its ultimate strength, as a result of which it is shattered. The rate 
of propagation of a shock wave is faster than the velocity of longi- 
tudinal (supersonic) elastic waves. When a shock wave is propagated 
in air, its velocity is 


= %-—1 | X41 2 
Veh = Up et 2% Oy 





where vp, = velocity of sound 

*% =ratio of heat capacities at constant pressure cp and 
constant volume cy 
0, = gas pressure after the shock wave has passed 
0, = gas pressure before the shock wave is generated. 

The velocity of propagation of a shock wave in rock may be taken as 


By Griffith's theory the rate of ne of the continuity of rock 
is 1/3v,n. 
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Thus acoustic properties determine the nature, degree, and effe- 
ctiveness of the shattering of rocks in blasting, and help to choose 
the correct design of the charge in a blast hole. 

Determination of Acoustic Parameters. The velocities of propa- 
gation of Iongitudinal and transverse waves, and the coefficient 
of their absorption in rocks are usually determined. Since the velo- 
cities of elastic waves depend upon the elastic properties of rocks, 
vp and v, are derived parameters, so that they need not be determined 
when E and v are known; but in practice they are, because it is much 
simpler to do so. Moreover, the elastic constants of rocks can be cal- 
culated from definite wave velocities even at high temperatures and 
pressures, that is to say, in zones where their direct measurement 
is very difficult. 

The velocity of elastic waves is measured by passing ultrasound 
of definite frequency through a specimen (or, in the mine, through 
a pillar). The time taken by a pulse to travel through the specimen 
(or pillar) ¢ is recorded on an oscillograph. The elastic wave 
velocity is calculated from the length / of the specimen; for greater 
accuracy this length should exceed the wavelength of the vibration 
by a factor of at least four or five. The travel-time of a longitudinal 
wave is the easiest to measure since it has the highest velocity and 
arrives first at the receiver. As a result, the moment of reception 
of the wave is clearly recorded on the oscillograph. The velocity 
of the transverse wave is lower, and for that reason the moment 
of its reception is difficult to detect. Other methods of determina- 
tion of elastic properties are therefore frequently used, for example, 
the immersion technique based on the difference in the critical angles 
of total reflection of longitudinal and transverse waves. As is known, 
only longitudinal waves propagate in liquids, and their velocity 
can easily be determined. If a rock specimen is immersed in a liquid 
and the time of propagation of the elastic wave is measured in the 
liquid-rock system, then the velocity of the longitudinal wave 
vp (Fig. 47a) is 


l 


L—l 
ty— i 


Up = 





where / = thickness of the specimen 
t; = time of propagation of ultrasound through the liquid- 
specimen system 
L = distance between the ultrasonic generators 
v, = rate of propagation of sound in liquid. 
If the specimen is then rotated until there is total reflection of the 
longitudinal wave, only the transverse wave will reach the receiver, 


9—438 
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and the moment of its reception can consequently be recorded clearly 
(Fig. 470). 

The velocity of elastic waves is also determined by a single measu- 
rement of the critical angles of reflection. 


(a) 





Fig. 47. Determination of the velocity of elastic waves in rocks by the immer- 
sion method: 
a — determination of the velocity of longitudinal waves; b — determination of the velocity 


of transverse waves when there is total internal reflection of longitudinal waves. 

The refractive indices of the longitudinal and transverse waves 
of any solid immersed ina liquid are equal to the ratio of their 
velocities in both the liquid and the solid: 





_ sind vy 
P''sinYp Up 
es sin 6 VI 
Ss sins Us 
where 6 = angle of incidence of the ultrasonic ray 


pp and ps, = angles of refraction of the longitudinal and 
transverse waves, respectively. 

The velocity of propagation of the waves is determined as follows. 
By smoothly rotating a specimen immersed in the liquid between 
two transmitters, the angle 8, is found when p, = 90°, i.e., when 
the longitudinal wave does not reach the receiver. A fall of intensity 
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is seen on the oscillograph. The angle 6, is found by further rotation 
of the specimen. At this angle the transverse wave is totally reflected, 
and the intensity of the vibrations passing through the plate falls 
to zero. 

The velocities of the longitudinal and transverse waves are deter- 
mined by the following formulas: 








Vp = a 
P™ sin oy 
Uv] 
vs = = 
s*~ sin b2 


The coefficient of absorption of ultrasound can be determined 
by measuring (by means of a cathode voltmeter) the intensity 
of an elastic impulse passed through specimens of the same rock 
of different length: 


La Te 
where J, and J, are the intensities of the vibrations employed cor- 
responding to specimens of lengths 1, and /,. 


QUESTIONS AND PROBLEMS 


1. Details of the longitudinal elastic waves in two samples of one and the same 
quartzite are given. The dimensions of the first sample are 1 cm X 1 cm X 
x 7 cm, and the velocity of elastic waves in it is vp, = 2,400 m/sec. The 
dimensions of the second sample are 7 cm X 7 cm X 7 cm, and the velocity 
of elastic waves in it vp2 = 2,500 m/sec. 
Calculate Young’s modulus, Poisson’s ratio, the modulus of rigidity and 
the i modulus of the quartzite, if it is known that its specific gravity 
is 2.67. aes 

2. The velocity of the longitudinal elastic wave in a rock is 4,380 m/sec. The 
angle of incidence, at which there is total reflection of the transverse wave, 
is 32°. The rock is immersed in water. Determine Young’s modulus, the 
modulus of rigidity and Poisson’s ratio for the specimen. 

3. It has been found that in the temperature interval 0°-500°C the variation 
of Young’s modulus of a given rock can be given approximately by the formula 


E =(9.4—0.0077) -105 kg/cm? 


Calculate the general dependence of the absorption coefficient, coefficient 
of reflection, and the refractive index on temperature and plot appropriate 
graphs. It can be taken that there is practically no change in the other pro- 
perties of the rock with temperature. 

4. Determine the coefficient of reflection and the index of refraction of an elastic 
wave at the interface between two rocks with the following properties: 


first rock: E,;=9 xX 105 kg/cm2; v,;=0.3; 
y1=2.6 g/cm3 
second rock: Eg=4 xX 105 kg/cm2; v.=0.2; 
Y2=2.3 g/cm. 
Plot the path of a refracted ray at an angle of incidence of 30°, 
. Qe 


CHAPTER IV 


THERMODYNAMICS OF ROCKS 


1. Laws of Propagation and 
Accumulation of Heat in Rocks 


The absorption of heat by rocks is always accompanied with 
a rise in the kinetic energy of their vibrating molecules and atoms, 
and is recorded as a change of temperature. The frequency and ampli- 
tude of molecular and atomic vibration increase with rise of tempe- 
rature, and there is a direct relation between the quantity of heat 
abgorbed Q and the temperature of rocks. 

From the first law of thermodynamics, 


dQ ee dQ, = dQ, 


where dQ, = part of the heat transformed into the internal energy 
of the body heated 
dQ, = part of the heat spent on external work (thermal 
expansion, polymorphic transformations, etc.). 
Hence 


where C is the molecular (or molar) heat capacity at constant volume. 
The molar heat capacity C divided by the unit mass of the mate- 


rial heated is known as the specific heat of rock c: 
Cc 


c=— 


m 


Reducing to finite values, we may write 


_ AQ ° 
c =ATm? kJ/kg - Cc 
In other words, specific heat is the quantity of heat required to 
raise unit mass of a rock through one degree (41°C). 
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As is known, heat is conducted in homogeneous solids either 
by the movement of an electron cloud (as in electricity) or by gradual 
transfer of the vibrations of the crystal lattice from one particle 
to another, insofar as there are significant binding forces between 
them. 

The first type of heat conduction is known as electronic and is 
mainly characteristic of current-conducting media like metals and 
semiconductors. 

The second type of thermal conduction can be identified with 
the special form of elastic vibration of the particles of a crystal 
lattice. Just as the theory of 
electromagnetic fields employs 
the concept of photons, so use is 
made, in the case of heat conduc- 
tion by lattice vibrations, of the 
concept of phonons as carriers of 
thermal energy. This type of 
conduction is often therefore 
called phonon conduction. A pho- 
non, like a photon, has an energy 
equal to hf, where h is Planck’s 
‘constant and f the frequency of 
elastic vibration in hertz. 

In rocks heat transfer is “4 
mainly by means of phonons, Fig. 48. Elementary parallelepiped in 
but in metalliferous rocks the the medium through which heat flows 
electronic component of thermal (for calculating the equation of ther- 

nae mal conductivity). 
conductivity also becomes of 
major importance. 

If we consider an isolated rock specimen of rectangular shape 
(Fig. 48) with temperatures 7, and 7, on two opposite faces (7, > 
> T.), then the amount of heat dQ transferred from one face to 
the other through an area AS in time dt is 


AT 
dQ=1" AS dt 





where i = thermal conductivity of the specimen 
AT = T, — T, = temperature difference between the faces 
Ax = distance between them. 
The parameter as = grad J gives the maximum rate of fall of 
temperature and is known as the temperature gradient. 





n z = q isthe specific heat flow and indicates the 
quantity of heat flowing through an area AS in unit time. 


The parameter 
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The thermal conductivity of rocks 4 is the quantity of heat passing 
through a unit area in unit time at unit temperature gradient: 


ar dQ Az 


oe OO nt -sec-° ohe 
~ dtAS AT ~ grad T’ Jim-sec-°G (or 2 ) 


7G 

This formula is macroscopic. Examination of the process of heat 
transfer on a microscopic scale enables us to ascertain the physical 
nature of heat conductivity: 


1 
A= a cyvbl 


where cy = heat capacity at constant volume 
v = mean velocity of elastic waves in the specimen 
1 = mean free path of phonons. 

The last quantity J is the factor that hampers fast propagation of 
heat in rock. For crystals of rock salt it is approximately 6.4 x 
x 10-8 cm, and for quartz 25 x 10-® cm. 

To calculate the heat flow through any volume of rock, the temper- 
ature distribution in this volume must be known. It is described 
by Fourier’s differential equation of heat conduction. The Fourier 
conduction equation can be obtained for an elementary volume of 
rock (Fig. 48). 

If 7 is the temperature at the centre of the given volume, then 
the temperature at any part of a side can be expressed through the 


eee ae 
temperature gradient =: 


1 oT 


1 oF 
T,=T—+= Az 


Heat flow through the first and second sides can be written as 
follows: 


, 0 1 or 
” 0 1 oT ‘ 


If none of the other sides of the volume concerned exchange heat 
with the surroundings (that is, if they are reliably insulated), then 
the difference Q’ — Q” is to all intents and purposes the quantity 
of heat absorbed by the rock, and can be expressed through heat 
capacity as follows: 


Q’ —Q" =cd Az Ay Az oT 
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Therefore the one-dimensional form of the Fourier conduction 
equation is written as follows: 


A @eT or 


c-O Oat OL. 


and when extended to the volume it can be written as 


where V = Laplacian operator 
a= x = temperature conductivity of rock, m?/sec (in the M.K.S. 


system). 

The rate of heating a rock is not uniquely related to the rate 
of heat transfer in it and for that reason cannot be judged from heat 
conductivity alone. The rate of heating, as is known, also depends 
on the heat capacity of the rock. Thus temperature conductivity 
characterizes the rate of change of temperature. 

If there is no absorption of heat in the volume of rock studied 
(i.e., Q’ = Q”), then Fourier’s equation assumes the following form: 


eT 

par = 9 
or, in general form, 

VT =0 


which is known as Laplace’s equation. 

The process described by Laplace’s equation is a stationary one that 
does not vary in time. The corresponding heat flow is known as 
stationary or steady-state. Heat flow in rocks is, as a rule, non- 
stationary or unsteady-state. Not only is heat conducted from one 
point to another, but it is also accumulated (or lost) with change 
of temperature in the rock itself. In mining one has most frequently 
to deal with unsteady-state heat flow, which complicates ascertaining 
of the pattern of température distribution in rocks. 

Solution of the differential equations for heat conduction is pos- 
sible only when suitable initial and boundary conditions are known. 
The given initial distribution of temperatures at the beginning of 
the process is taken as the initial conditions and the distribution 
of temperature at the boundary surfaces of the rock as the boundary 
conditions. . 

In mining, solutions of the differential equations of heat conduc- 
tion are required to determine the thermal properties of rocks, to 
study the processes of thermal breaking and drilling, to ascertain 
the temperature distribution in pillars, walls and working faces 
for the purposes of ventilation and fire prevention, etc. But their 
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solution is often difficult because of the complex distribution pat- 
tern of thermal fields and the thermal properties of rocks. Approxim- 
ate methods- of solution are therefore widely used, particularly 
electrical and hydrodynamic techniques based on the identity of 
the principal equations of heat flow and of the flow of electric current 
and liquids. Thermal conductivity corresponds to electrical con- 
ductivity and water permeability, and heat capacity to electrical 
capacity (capacitance) and moisture capacity, etc. By combining 
resistances and capacitors (and in hydrodynamic methods different 
permeable materials) it is possible to model 
the distribution of temperatures in rock 
quite accurately. 

When heat passes across a boundary from 
one rock into another, in which the thermal 
properties are different, the process is known 
as heat transfer. Heat conduction can be 
regarded as a particular case of heat trans- 
fer, when the thermal properties of bodies 
at their boundaries are the same. The 
amount of heat transferred from one body 
to another is defined by the formula 





Fig. 49. Fall of tempera- 
tures when heat flows AQ=KAT AS At 


from a layer with thermal 
conductivity A, to a layer 
with thermal conducti- where k is the heat transfer coefficient, 
vity Az. which is dependent on the properties of the 
adjacent bodies (W/m -°C). 

When heat passes from one medium into another, a certain jump 
of temperature is always noted (e.g., a sharp fall in the contact 
zone, Fig. 49). 

Heat transfer takes place when heat flows perpendicularly to the 
stratification and fracturing of rocks, at the contact of gangue rocks 
with minerals, etc. Heat may not only be transferred from rock 
to rock but also exchanged between liquids, and gases and rocks. 

If the temperature of a rock is higher than that of its surroundings, 
then the heat is transferred from the rock into the surrounding 
medium. Heat transfer is important, for example, in calculating 
the ventilation and thermal conditions of deep mines and in the 
processes of contact melting of minerals. The coefficient of heat 
transfer is not only a function of the contacting substances but also 
of their state, their rate of relative movement, etc. 

As already mentioned the heat absorbed by any rock is expended 
not only on heating it but also on external work connected mainly 
with its thermal expansion. The thermal expansion of solids is ex- 
plained by anisotropy of the forces binding atoms in a lattice, that 
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is, by the asymmetry of the curve of potential energy of atomic 
interaction in the lattice relative to the equilibrium position 
(Fig. 50). 

Raising of temperature increases the amplitude of atomic vibra- 
tions in a crystal lattice. If these were around an invariable centre 
of equilibrium, then heating would not lead to expansion of the 
body, since the mean departure of 
atoms from the position of equilibrium Uj+ 
would always be zero; but as it is easier 
for atoms to separate than to approach, 
so the centre of equilibrium of vibra- 
ting atoms is shifted on heating, which 
is manifested in expansion of the body. 

The relation between rise of tempera- 
ture dT and expansion of rock dL 
can be expressed by the equation 


dL =BL dT 


where B = coefficient of linear expan- 


sion characterizing the ca- Fig. 50. Graph for the energy of 
pacity of the rock to _ interaction between two atoms 





d 4 versus distance r: 
expand, oC = = area of potential well; lee zone 
L = initial length of the spe- ° "ePulsion: U> — zone of attrac- 
cimen. 


An analogous formula describes the volume or cubical expansion 
of rocks: 
dV =wV aT 


where w is the volume expansion coefficient. 
The values of thermal expansion coefficients are determined ex- 
perimentally for each rock. 


2. Thermal Parameters of Rocks 


The thermal parameters of rocks characterize their capacity to 
accumulate and conduct heat and the changes that take place in 
them under the action of heat. The second group includes the coef- 
ficient of linear expansion, and the temperature and heat of melting 
of rocks. In mining, use is also made of such technical properties 
as frost resistance, heat resistance, and thermodrillability. 

Thermal Conductivity of Rocks. The thermal conductivity of 
solids is highly variable. The ratio of the highest to the lowest 
value may be tens of thousands. Silver is the best conductor of heat 
(A = 448 J/m-sec-°C) and quartz airogel is the poorest (A = 3.0 x 
x 10-7 J/m-sec-°C). 


438 CHAP. IV. THERMODYNAMICS OF ROCKS 


Rocks are, as a rule, poor conductors of heat and have a compar- 
atively narrow range of values of thermal conductivity (0.1 to 
7 J/m-sec-°C), much lower than those of metals (since metals have 
electron conductivity while rocks have mainly the phonon type). 
For the same reason minerals like magnetite, pyrite, hematite, etc., 
have high thermal conductivities (up to 10-40 J/m-sec-°C; see Ap- 
pendix, Table XXIV). 

Despite the fact that the thermal conductivity of diamond is 
of the phonon type, it has an exceedingly high value (up to 
200 J/m-sec-°C), which is attributed to the few imperfections pre- 
sent in its crystal lattice, the high energy of the lattice and, con- 
sequently, to the great length of the free path of phonons. 

Among the rock-forming minerals quartz has a high value of 
thermal conductivity (7 to 12 J/m-sec-°C). Therefore an increase 
of 4 is noticed with increasing quartz content in dense, slightly 
porous rocks that do not contain ore minerals. 

The thermal conductivity of hydrochemical sediments (rock 
salt, sylvite, anhydrite) is higher than that of other non-ore minerals 
and that of coal, asbestos, and other rocks lower. 

When the regular crystal lattice structure is disturbed, conduction 
of thermal energy becomes difficult. So pure single crystals have 
the highest thermal conductivity; as structure becomes polycrystal- 
line conductivity falls (Table 7). In this connection it should be noted 


TABLE 7. Comparison of the Thermal Conductivity of Mono- 
and Polyerystals 














Monocrystals pyaar Ue Polycrystals jacaeee a 
Quartz. ..... 41.7-7 Quartzite .... 3.6 3.3-1.94 
Calcite. .. 2... 3.7 Marble ..... 2 1.85 
Halite...... 26.7 Rock salt... . 7.2 3.73 
Sylvite ..... 21.7 Sylvite (rock) . . 9.8 2.15 
Copper. ..... 414 Copper ..... 384 1.08 
Zing... ww. 124.2 Zing... ... 417 1.06 
Aluminium ... 230 Aluminium... 205 1.12 





that single crystals have the greatest range of variation of thermal 
conductivity, and polycrystals a much narrower one. 

The thermal conductivity of rocks depends on the ability of their 
constituent minerals to conduct heat. When they occur in a sequence, 
the average thermal conductivity of the rock A,y is 

n 
1 Vi 
Stee v9 
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If it is assumed that the minerals are arranged in parallel, then 
. . 
Aav = > AV: 
i=1 


where A; = thermal conductivity of the mineral 
V; = relative volume of the mineral in the rock. 

In practice these formulas indicate the possible minimum and 
maximum limits of variation of thermal conductivity in a rock 
depending on the value of A for its constituent minerals. 

As rock in most cases is a statistical mixture of different minerals 
with equal probability of their occurring in parallel or in series, 
the following formula is used to calculate 4,, (for bimineral rocks): 


_ 38Ag—2V4 (Ap— M1) 
BAF Vy (Ag—Ay) 4 


where A, and A, = thermal conductivities of the two constituent 
minerals (Ay > A») 
V,; = relative volume of the mineral with thermal 
conductivity A,. 

If a rock contains ore minerals, then the value of the resultant 
thermal conductivity depends on the nature of their occurrence. 
Its value will be highest when the matrix of the rock is formed by 
an ore mineral. : 

There is a great difference between the thermal conductivity of 
crystalline minerals and that of amorphous (glassy) ones (Table 8). 


hav 


TABLE 8. Comparison of the Thermal Conductivities of Crystalline 
and Glassy Rocks 














Crystalline rock or An, Glassy rock or Ae, Ay 
mineral J/m-sec-°C mineral J/m-sec-°C he 
Quartz. ..... 44.7-7 Fused quartz . . 1.39 8.42-5.03 
Diabase ..... 2.25 Diabase glass . . 1.45 1.95 


As a rule, A,; is greater than Ag}. The thermal conductivity of 
amorphous minerals does not exceed 1.5 J/m-sec-°C, so that ‘the 
presence of a glassy phase reduces the conductivity of rocks. 

The thermal conductivity of rocks depends on the size of its 
constituent grains. For certain rocks (e.g., marble) the following 
formula for the relationship between 4 and average grain size day 
is suggested: 


day 
NN ae 
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thermal conductivity of the monocrystal 
ratio of the temperature gradient at a grain contact 
to the mean temperature gradient of the specimen as 
a whole (for marble B ~ 0.0027 at 0°C). 

The fall of thermal conductivity with decrease of grain size is 
connected with the increase of the number of grain contacts per unit 
path of heat flow, since contacts have greater heat resistance than 
crystals. 

From the formula given above it is clear that the effect of grain 
size is most significant for small values of d,, (Fig. 51), as has been 

confirmed by experiments on 
Alaa polycrystalline materials (e.g., 
U-———, ceramics). 

The thermal conductivity of 
layered rocks depends on the 
direction of heat flow; in this 


where Ag 





05 
case 

fey 

= —t 

0 A L a x i 

Qoot 0.01 ai 10 Gy ,cm is 

n 
Fig. 54. Computation curve showing the 1 

dependence of thermal conductivity of Ay = > AW: 
rocks upon grain size. =1 


where i; is the thermal conductivity of the ith layer, the relative 
volume of which in the rock is V;. 

Theoretical calculations and experimental data indicate that 
thermal conductivity parallel to the bedding is always greater than 
4,1, since Ay is determined by the most conductive layer and 4,, 
by the least conductive one. 


a 
The ratio ee for layered rocks varies between 1.1 and 1.5 (Table 9). 
1 


TABLE 9. Anisotropy of Thermal Conductivity 


Thermal condu- | Thermal condu- 
Rock STAY ReuansE [CURR MeTEaBAH | of anisotropy 
I bedding 4) Ayah 
Quartzic sandstone 5.7 5.49 1.06 
Gneiss ...... 3.44 2.16 1.44 
Marble. ..... 3.08 3.04 1.02 
1.35 


Limestone .... 3.44 2.55 
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The anisotropy of thermal conductivity is inherent not only in 
rocks consisting of different layers but also in schistose rocks and 
minerals with good cleavage. In mica, for example, thermal con- 
ductivity along the cleavage is six times higher than across it; 
for graphite this ratio is two or more. The physical nature of the 
phenomenon is as follows: the particles forming the crystal lattice 
of a mineral interact more intensely parallel to the bedding; con- 
versely, molecular motion perpendicular to the cleavage plane is 
much less. 

The thermal conductivity of porous rocks is an additive function 
of their constituent phases (Table 10). 


TABLE 10. Thermal Properties of the Phases 
Present in the Rock 








Thermal ‘gt 
ar Specific heat, 
Phase conductivity, | Wh3/ke-"c 
1CQy S28 Bu atleast a 2.33 2.05 
Water ....... 0.58 4.18 
AGP oo3 ko Es 0.023 1.00 


In porous rock thermal energy may be transferred both by way 
of conduction and by convection in the pore spaces; but if the pores 
are small compared with the volume studied, convection can be 
ignored. Heat transfer by radiation can also be neglected when the 
temperature of heating does not exceed 1000°C. The thermal con- 
ductivity of air A,ir, as is known, is very low, so that 4 is always 
less in dry porous rock than in non-porous. The thermal conductivity 
of sand, for example, is one-sixth or one-seventh that of dense sand- 
stone. , 

The shape of pores is also significant. When they are elongated 
(like fractures), then conductivity is much reduced if they lie at 
right angles to the flow of heat; a formula of consecutive links is 
useful in that case. 

Since 


Nair & 0.023 J/m-sec-°C 
then 


hav = 


— Ag 

(1— P)-+43.5PAo 

Conversely, if heat flow is directed along the fractures, then 
Nay = Ap (1 — P) + AatrP 
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And since 
hair < ho 
then 
hay © Ag (1—P) 
These two equations define the limiting dependence of heat con- 


ductivity on porosity. The type of the equation A,, = f (P) will 
vary according to the shape of the pores (Fig. 52), and its form has 


A, joule/m-sec-€ 





70 20 30 40 50 6 0 80P% 


Fig. 52. Computation curves showing the relationship between thermal conducti- 
vity and porosity: 


1 — when heat flows along the fractures; 2 — isolated spherical pores; 3 — isolated cubic 
pores; 4 — mean curve of the cubic type; 5 — according to the formula for bimineral rocks; 
6 — when heat flows across the fractures. 


not been reliably established for different rocks. But for practical 
purposes an equation of cubic type can be used: 


hay = hy (1 — P)® 


- These features of thermal conductivity explain the effect of frac- 
turing, planes of dislocation, and weathering on the thermal pro- 
perties of rocks; they all reduce heat conductivity when rocks are dry. 

Since the apparent specific gravity (or apparent density) of rocks 
falls with increase of porosity, a certain correlation can sometimes 
be established between 4 and y, showing a rise of 4 with increasing 
porosity. When found for definite rocks, this relationship makes it 
possible to determine the magnitude of thermal conductivity approx- 
imately from known apparent densities without need for complicated 
ex periments. 

A rise of ) with increasing y can also be established for slightly 
porous rocks; but in this case the rise in thermal conductivity is 
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due to another factor, namely, to the increase in the amount of ore 
mineral in them. 

Joffe’s work indicates that the phonon component of thermal con- 
ductivity decreases with increasing density of compounds. 

The wetting of porous rocks increases their thermal conductivity 
(Fig. 53); but as the thermal conductivity of water is lower than 
that of minerals, 4 of a porous moist rock never approaches or equals 


(6) 
A, joule/m-sec-C 


(a) 
A, joule/m-sec-°C 
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Fig. 53. The thermal conductivity of rocks versus moisture content: 
a — experimental data; 1 and 2 — sandy loams; 3 and 4 — sands; 5 — loams; b — compu- 
tation curves; 1 — relationship between the thermal conductivity of the pore-filling substance 
and moisture -content; 2 — calculated thermal conductivity of moist rock. 





Ay of a similar but slightly porous rock. Research has shown that 
the thermal conductivity of the pore-filling substance (water + 
+ air) can be expressed by the following approximate formula 
(Fig. 530): a oe 


n= 0.56 5 +.0.023 


where w is the volumetric moisture content of rock. -_ 

From this expression and the formulas for porous tocks given 
above, the thermal conductivity of a porous moist rock can be 
calculated. In the case of parallel location of pores (open porosity, 
through channels for the percolation of liquids): 


hay & Mo (1 — P) +. 0.56w 


Thus the thermal conductivity of water-saturated clay, for ex- 
ample, is six to eight times higher than that of dry clay. 
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When the temperature of wet rocks is raised, moisture evaporates. 
Therefore when such rocks are heated to 100°-120°C, their thermal 
conductivity curve shows a maximum: as the thermal conductivity 
of water increases with rise of temperature, A for the whole rock 
first increases and then falls owing to intensification of evaporation. 








(a) 
A, joule/m-sec-C 
(6) 
A, joule/m-sec-t 
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Fig. 54. Temperature dependence of the thermal conductivity of rocks: 


a — decrease of % with rise of temperature; 1 — dunite; 2 — dolomite; 3 — granite; 4 — 

quartz monzonite; 5 — marble; 6 — syenite; 7 — limestone; b — increase of A with rise 

of temperature; 1 — melted quartz; 2 — diabase glass; 3 — anorthosite; c — temperature 
dependence of A for coal. 


The lowering of rock temperature below 0°C leads to freezing of 
its water and hence to a sharp rise in its thermal conductivity (since 
hice > Awater): Lhis difference-in the thermal conductivity of frozen 
and wet rocks is utilized to study frozen strata in regions of per- 
mafrost. 

Change of temperature of the surroundings also alters the ther- 
mal conductivity of dense rocks (Fig. 54). 

Rise of temperature reduces the thermal conductivity of almost 
all crystalline minerals and rocks and increases 4 of amorphous min- 


2. THERMAL PARAMETERS OF ROCKS 145 


erals and rocks (obsidian, amorphous varieties of quartz). A certain 
rise of thermal conductivity is also seen in anorthosites, clays, and 
coals (Fig. 54b and c). 

According to Debye, the thermal conductivity of dielectrics at 
high temperatures is approximately inversely proportional to the 
absolute temperature: 


1 
NY a 


But rocks may have other relationships of 1—f (7). 

The fall of 4 with temperature is most significant in rocks with 
initially high values of thermal conductivity. Its fall with increas- 
ing temperature is explained by inten- 
sification of the chaotic movement and 
interaction of molecules in the crystal 
lattice (scattering of: phonons), which 
in turn reduces the magnitude of the jy 
free path of phonons. 

Fall of temperature increases ther- 
mal conductivity, the maximum value , 


00 

of 4 being observed in the region of : 

absolute temperature, between 5° and 

30°K (Fig. 55). F NI 


A, joule/em-sec-C 





Mechanical pressure usually causes 
an insignificant rise in the thermal 
conductivity of porous rocks. 0 = 

Heat Capacity of Rocks. The range ; ee, et 
of variation of the heat capacity of Fig. 55. Temperature depend- 

sfqis 5 . ence of the thermal conductivity 
solids in general, and rocks in parti- 6f corundum in the zone of low 
cular, is much narrower than that of temperatures. 
thermal conductivity. The heat capa- 
city of rocks varies from 0.4 to 2 kJ/kg-°C and is usually higher 
than that of metals (see Appendix, Table XXIV). 

By Dulong and Petit’s law, the atomic heat of an element (the 
product of its atomic weight and its specific heat in the solid state) 
is almost constant (~ 25 J/mole-°C), i.e., there is an inverse relation- 
ship between the atomic weight and the heat capacity of elements. 

The heat capacity of minerals has been found to increase as their 
density diminishes. 

The calculated correlation shows that their volumetric heat capac- 
ity c6é varies within narrow limits (Fig. 56): 


1.5<c5<3 J/em?-°C 


The volumetric heat capacity of a dense rock depends completely 
on its mineral composition and can be calculated from the formula 


10—438 
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of mixtures: 


n 
Cay * Say = > ci-6i-Vi 
i= 


where V; is the relative volume of a mineral with a volumetric 
heat capacity c;6;. 

Ore minerals, as a rule, have a low value of c, and so rocks 
containing them have a lower heat capacity than those without 
them. Heat capacity does not depend on whether a rock is amorphous 
or crystalline. The heat capacity of crystalline and fused quartz, 

for example, is the same. Heat 
6, joule/g-°C capacity also does not depend on 
the other structural parameters 
of rock (granularity, stratifica- 
tion, etc.). 

As the heating of rock invol- 
ves not only a rise in its inter- 
nal energy but also the perfor- 
07 PNM mance of some external work, 

Se: f / | heat capacity is usually slightly 
06 “fy “hs higher at constant pressure cp 

ie! DW bf than when determined at con- 

WHOS)? stant volume cy. The difference 
Cp — Cy is small (5 to 15 per cent 
at low temperatures) and can be 
calculated from the following 
formula: 


Cp—Cy =TwV K 





q 2 39 & 5 & 7 6g/cm where 7 = temperature of heating 
, ® = volume expansion 

Fig. 56. Correlation between the heat coefficient 
capacity and density of minerals. Vj speciiewoluniost OC 


K = bulk modulus. 

For the same reasons the heat capacity of a dense rock usually 
falls at high triaxial (confining) pressures. 

With rise of temperature the heat capacity of dense rocks, as a 
rule, increases (Fig. 57a). According to the theoretical propositions 
of solid state physics, heat capacity at low temperatures is approx- 
imately proportional to 7? (where 7 is the absolute temperature), 
and at temperatures above a certain value (known as the Debye tem- 
perature) c ~ constant. But these regularities seldom hold for 
rocks. The heat capacity of coal, for example, has a maximum in 
the range of 200° to 400°C, after which it falls off up to temperatures 
of the order of 1000°C (Fig. 57c). 
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The dependence of heat capacity on temperature is also character- 
istically anomalous in clays and other rocks that can be substantially 
altered by the action of heat. The heat capacity of rocks and minerals 
changes sharply near the points of phase transition. 


(a) 
¢, joule/g. °C 





08s 
0 200 400 ©6000 T,°C 


Fig. 57. Variation of the heat capacity of rocks, with rise of temperature: 
a — basalt (1), diabase (2), and quartzite (3); b — rock salt; ec — coal. 


The dependence of heat capacity on porosity is governed by the 
values of c for air and minerals. 
The volumetric heat capacity of a porous rock is defined by the 
rule of mixtures: 
CavOay = CoSp (1 — P) + CairSairP 


~ As the heat capacity of air cai; is equal to 14 J/g-°C and the 
density 6air is 1.29 x 10-3 g/cm, so 
CavOay = CoS (1 — P) 4+ 1.29 x 10°3- P, 


Considering that codg= 1.5 to 8 ae , the last term of the equation 


of average heat capacity may be cancelled out. Then 
CaySay = Cobo (4 — P) 


J 
cm3.°C 


10* 
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or, for specific heats [bay =5)(1—P)], 
Cay = Co 


Calculations thus show that the specific heat of rocks has prac- 
tically no dependence on porosity, and that their volumetric heat 
capacity decreases with increase of P in full agreement with the 
reduction of their density (Fig. 58). 

The heat capacity of water (4.18 J/g-°C) considerably exceeds the 
heat capacity ¢ of any mineral. Porous and completely saturated 


0-107 m2/sec 





6-8, joule/cms.°C 


Fig. 58. Range of variation of Fig. 59. The effect of moisture con- 
the;volumetric heat capacity of tent w on the temperature conducti- 
rocks with porosity. vity of rocks a: 
1 — fine-grained quartz sand; 2 — clayey 
soil; 3 — coal. 


rock therefore has a higher heat capacity than other rocks; this 
heat capacity can be expressed by the formula: 


c=) (1—w)+4.18w 


The heat capacity of wet rock on freezing is slightly reduced as 
compared with that of a non-frozen rock; but it is still higher than 
that of dense rocks. 

Temperature Conductivity. The temperature conductivity of 
rocks is a parameter that depends on the values of A, c and y. It is 
affected by the same factors as the thermal properties of rocks. 
Its range of variation is considerably wider than that of heat capac- 
ity. Its value is of the order of 10-® to 10-’ m?/sec. 

Temperature conductivity decreases with increasing density, 
but as thermal conductivity increases, its fall is insignificant. 

With slight moistening temperature conductivity increases, owing 
to the rise in the heat conductivity of the rock. But as moisture content 
increases, temperature conductivity begins to fall, because of the 
effect of the rising heat capacity of rock (Fig. 59). A rise in tempera- 
ture usually lowers the temperature conductivity of rocks (Fig. 60a). 
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The temperature conductivity of amorphous rocks, and of coals, 
clays, etc., increases with temperature (Fig. 600). 

The coefficients of thermal and temperature conductivity charac- 
terize the thermal insulating properties of rocks. In steady-state 
thermal conditions rocks of minimum heat conductivity are good 


(a) 
197 m?/sec 


\ 
@ 





Fig. 60. Temperature dependences of the temperature conductivity of rocks: 


a — decrease of a with rise of temperature; 1 — Baka] microquartzite, 2 — granite from 
“Rownoe” deposit; 3 — Bakal dolomite; 6 — increase of a of coals with rise of temperature. 


thermal insulators. In a non-stationary regime temperature con- 
ductivity must be considered a factor determining the insulation 
properties of rocks. 

Thermal Expansion of Rocks. The coefficients of linear and volume 
expansion of rocks are the most important thermo-physical charac- 
teristics governing their capacity to transform heat into mechanical 
energy, that is, into the external work associated with the breaking 
of rock. Their coefficient of linear expansion f decreases with increas- 
ing lattice energy; therefore, with the increase of density of minerals, 
its value falls to some extent. Sulphur, rock salt, mica, fluorite, 
quartz have high values of B (see Appendix, Table XXIV). 

The coefficient of volume expansion ,y of a polymineral rock 
is determined by the values of w and the bulk modulus of the con- 
stituent minerals. If the rock does not break on heating, then 
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lf it is assumed that Poisson’s ratio is almost the same for all 
minerals present in the rock and that m=3f, then 
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Thus the relation between and mineral composition is not 
established directly but through the product of two parameters B 
and £. 

Calcite and quartz have high values of BE (20.4 and 11.1 kg/cm?-°C, 
respectively). As a consequence, quartzites, granites, and marbles 
have high thermal expansion coefficients (1.1 x 107°, 0.8 x 107° 
and 0.9 x 10-°°C"!, respectively). 

The true value of the coefficient of linear expansion 6 does not 
depend on porosity, since it is governed only by the mineral skeleton 
of a rock. But in fact, measurements show that the value of B falls 
with increasing porosity, since the expansion of mineral particles 
closes pore spaces and produces a smaller increase of external dimen- 
sions. But the fall in the parameter B# with increase in porosity 
is mainly due to reduction of Young’s modulus. 

The coefficient of linear expansion f of glass varies within the 
limits 16 x 10-® and 38 x 10-8, and that of.crystals between 
2 X 10-§ and 89 x 10-5, that is to say, there is practically no di- 
fference between the values of f for glasses and crystals. 

The thermal expansion of crystals and foliated rocks varies in 
different directions. For them w = 3f. Thus a single crystal of 
calcite lengthens in one direction only when heated, and contracts 
in the others. The expansion of quartz in one direction is more than 
double its expansion in other directions. 

The expansion of rocks is also affected by external factors, the 
most significant of which is the variation of B in different temperature 
conditions. Rise of temperature increases f greatly right up to 600°C. 
For rocks containing quartz the point of polymorphic transformation 
of B-quartz into a-quartz at 573°C is accompanied by a break in the 
curve with a subsequent sharp fall in the value of B (Fig. 61a). 

The increase of B with temperature is associated with increase 
in the number of imperfections in the crystals of a rock. 

The coefficient of thermal expansion decreases with increasing 
triaxial pressure. 

The wetting of porous rocks increases their coefficient of linear 
expansion 6 slightly, but its value is affected only by the moisture 
in closed spaces that cannot move freely under pressure. As B of 
water is 60 x 10-® 1/°C and K water is 2.85 X 10* kg/cm?, so BK = 
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= 1.41, i.e., is negligible. So for porous rocks the value of B increases 
with water saturation, but never reaches the value for dense rock. 

Other Thermal Properties of Rocks. None of the thermal param- 
eters considered so far are associated with the phase transformations 
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Fig. 61. Temperature dependence of the coefficient of linear expansion of quartz- 
feldspar porphyry (a) and tremolite-wollastonite skarn (b). 


of rocks, although rise of temperature can lead to polymorphic 
transformation of minerals, melting, evaporation, etc. 

Polymorphic transformation (rearrangement of the crystal lattice 
under the action of high or low temperatures) is inherent in many 
minerals. The most widely known are the transformations of quartz 
at elevated temperatures, which are accompanied by a substantial 
increase of volume. 

The fact that the polymorphic transformations of rocks are accom- 
panied by abrupt changes in a number of their properties is of great 
importance, and enables us to use them to control these properties. 
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The parameters of the melting of rock are temperature and heat 
of melting. The latter indicates the quantity of heat required to 
melt a unit weight of rock at constant temperature and pressure. 
The melting temperatures of selected minerals and rocks are given 
in the Appendix (Tables XXV and XXVI). 

These properties have only become important in recent years 
since work began on the thermal breaking of rocks (which is partly 
connected with their melting) and since geotechnological methods 
of extracting useful minerals by melting have been developed. 

The other thermal effects that develop in rocks on heating are 
also significant. For example, the decomposition temperature of 
a mineral, the sintering temperature of clays, and tendency to 
sublimation and reduction are of interest. 

Coals have a number of specific thermal properties as follows: 

(a) heat of combustion, or the amount of heat evolved by the 
combustion of one kilogram of coal; 

(b) thermochemical stability, or the resistance of coals to chem- 
ical decomposition on heating (thermochemical stability increases 
with degree of carbonification); 

(c) caking capacity, or the property of softening to a plastic state 
on heating in the absence of air in the temperature range 350° to 
470°C, and forming solid caked pieces; 

4 (d) coking capacity, or the property of forming coke on being 
eated; 

(e) yield of volatiles, i.e., the quantity of gases evolved when 
coal is heated in the absence of air. 

These are special technological parameters of coals, which deter- 
mine their quality for industrial use but at the same time serve 
as characteristics for designing geotechnological methods of extrac- 
tion (e.g., underground gasification). 

The heat resistance and frost resistance of rocks are also technol- 
ogical parameters. 

Heat resistance is the property of rock to resist breaking by the 
thermal stresses created by heating. It is characterized by the coef- 
ficient kp, 


In = Stee (4) 


Frost resistance characterizes the stability of wet rocks and is 
measured by the number of cycles of freezing and thawing, at which 
a specimen loses its mechanical strength. This index is taken into 
consideration in civil engineering and building (applying particular- 
ly to building stone). In mining, the index of frost resistance 
is employed, for example, in calculating the stability of quarry 
banks. 
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3. Application of Thermodynamics in Mining 


Two trends are distinguished in the utilization of thermodynamics 
in mining: (1) to obtain needed information about rocks; and (2) 
to alter rock so as to improve the technology of ore extraction. 

Collection of Information. The principal method of thermal inves- 
tigation of a mass of rock is to measure temperatures both at depth 
(in deep boreholes) and over the surface. The temperature of rocks 
depends in a definite way on their 
properties and the condition of the 26 27 28 237, 
rock mass. In geophysical studies 
use is made both of the Earth’s 
natural temperature fields and of 
artificial fields created by the injec- 
tion of hot sludge into drilled bore- 
holes. 

In the zone of established tempe- 
ratures (below the depths of 20 to 
30 metres) the temperature of rocks is 
a function of internal factors, name- 
ly, heat evolved from great depths, 
and heat due to radioactive processes, 
chemical reactions in rocks, etc. As 
a rule, it rises with depth.. 

The gradient of natural tem- 
peratures determined for a mass 
of rock is known as the geother- Fig. 62, Thermogram of a drillhole. 


: : p _ 4 
mal gradient. Since } = grad? at 


‘constant unit heat flows A-grad 7 may be treated as con- 
stant. 

Consequently, by thermal logging of boreholes we can (a) deter- 
mine the geothermal gradient; and (b) differentiate the rocks of a 
mass into groups having different thermal properties. The angle 
of inclination of the thermogram of rocks changes with variation 
in thermal conductivity (Fig. 62). 

Since many rocks differ essentially from one another in their 
thermal conductivity, the presence of definite types of rock can 
therefore be established in that way. Thermal logging is used, for 
example, to examine boreholes penetrated in areas that have long 
been frozen and determine the boundaries between frozen rocks and 
zones of melting, degree of freezing, etc. Thermal logging is also 
employed to locate zones of water flow into boreholes and to estimate 
its rate of percolation in a rock mass; this is associated with the 
fact that flowing streams of water are carriers of heat. Areas of water 
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inflow can be located from anomalies on the thermolog; the magni- 
tude of the latter indicates the rate of percolation. 

Certain ores give rise to geothermal anomalies (rises in sulphide 
ores and coals as a result of oxidation, and drops in gas-bearing 
strata as a result of the cooling effect of gas, etc.); detection of these 
(re Ga. on a thermolog therefore enables deposits to be discovered 
Fig. 63). 

eae observations by means of pilot drillholes are made 
when driving mine workings and during stoping operations in order 
to detect thermal anomalies, interpretation of which yields infor- 
mation on what may be encountered (underground waters, accumul- 
ations of gas, ore inclusions, etc.). 
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Fig. 63. Different cases of the thermal methods of investigating rock masses: 


a — delineation of the frozen zone; b — determination of the area with an underflow of 
; deep-level waters; c — discovery of a gas-bearing stratum. 


Thermal’ logging also finds application in controlling artificial 
freezing of rock when sinking shafts through quicksands and water- 
saturated rocks. 

Geothermal studies enable mining engineers to design proper 
ventilation, to ensure normal working conditions for miners and 
‘machinery, and to avoid accidents, especially in mines, where gas 
or dust presents a danger. 

Thermal studies are used in mineralogy and petrography to analyse 
minerals and determine the mineral composition of rocks. The var- 
iation of temperature when most minerals are heated is not a linear 
process. The linear pattern is disturbed owing to the presence of 
a number of zones that show a sharp rise or drop of temperature, 
effects linked with the phase transformations of minerals. Because 
phase transformations occur quickly and involve either absorption 
or emission of heat, the temperature of a mineral at these points 
changes abruptly. It is characteristic that these anomalies are wel] 
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defined and constant for each mineral (Fig. 64). Only a very few 
minerals are thermally inert (e.g., feldspars, altered nepheline, 
etc.), that is to say, do not show phase transitions. 

Thermal Stresses. Exceptionally wide use is made of the effect of 
heat on rocks, mainly because high temperatures sharply alter their 
physical properties. Two trends can be distinguished in the practical 
employment of thermal action on rocks: (a) use of their thermodyn- 
amic capacity to transform thermal energy into mechanical energy 
and so to alter their mechanical properties 
and state; and (b) utilization of the ther- 
mochemical effects of heat on rocks, such 
as decomposition, combustion, fusion, etc. 

The capacity of rocks to transform ther- 
mal energy into mechanical is calculated 
from their coefficients of thermal expansion 
and elastic constants. 

The linear expansion of a rod-like speci- 
men (of rock) can be calculated from the 
formula 


AL=BATL 


If the rod is fixed rigidly at both ends, ther- 
mal stresses will develop in it on heating, 
equal in magnitude to the stresses needed 
to compress the elongated rod to its origi- 
nal size, i.e., 


op = 5" E= ERAT 





‘The thermal stresses developed through 
heating a volume of rock in a mass where 
expansion is impossible can be calculated 22 200 400600 800 10007, °C 


in the same way: Fig. 64. Thermograms of 
, some minerals: 

o7 =oK AT 1 — halite; 2 — sylvite; 3 — 

When a compressed volume is heated, it Mareen bre ee 7 

experiences compressive stresses, while the Orrhorluse. . 


rocks enclosing it may experience either com- 

pressive or tensile stresses, depending on their location. Let us consi- 
der the volume of rock being heated asa rod compressed at both ends 
by other rods of the same rock (Fig. 65a). The rods which are not 
heated will then be subjected, in the absence of any possibility of 
movement, to compressive stresses. Obviously, the magnitude of 
the stresses will not equal that calculated from the formula given 
above, since any rock is capable of deforming elastically to a certain 
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extent, i.e. (in the case of a one-dimensional problem) 
Or = E,B AT — vE), 
where £, = Young’s modulus of the heated rod 


v = 22 = its relative deformation at the expense of the elasticity 


of the enclosing rock 
E, = Young’s modulus of the unheated rods (most frequently 
E, > E,;). 
After substituting this expression in the formula and making 
certain transformations, we get 
rz EoEn 
oe Ree Eot+En 
If we imagine that the rod being heated is in contact along its 
sides with parts of the rock not 
(a) E, heated, the latter will experience 
tensile stresses (Fig. 65b). Now, 
considering that up to the moment 
of rupture the strain of all rods is 
the same, we may write: 





















Scom v= 20 Dh. 
Eo En 
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where S is the cross-sectional area 
of the rod being heated, perpen- 


ate icular to the action of stresses, 


6 
Fig. 65. Thermal stresses for the Bae wee eas in the rod being 
heated (E,) and non-heated (Ep) [eabed will be 








volumes of rocks arranged in series E,E 
: = nEo (1—S) 
(a) and in parallel (d). On=BAT —S) FoF SE; Foi SE, 
The tensile stresses in the rod which is not heated will be 
Ss 
Oo = Oh 1—s 
or 
EoS 


Go = BATE G3) eT SE, 
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The equations obtained are used in the simplest one-dimensional 
calculation of thermal stresses in rocks that are heated unevenly. 

The cross-sectional area of the rod being heated increases with 
time ¢, owing to the propagation of heat through the rock, as follows. 
from the equation 


ry = 4.6 V at 


where ro = radius of the heated zone 
a = temperature conductivity of the rock. 
Analysis of these equations shows that the thermal stresses depend 
on the value of B, the ratio of Z, to EZ, the thermal properties of 
rock, and the volume of rock heated (Fig. 66). 
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Fig. 67. Variation of the parameter ZB of quartz-porphyry with heating. 


Since the thermal stresses are defined by the product £6, their 
dependence on both internal and external factors is expressed by 
the relationship of the modulus of elasticity and coefficient of linear 
expansion with these factors. 

Thus, the thermal stresses in rocks decrease with increase of 
porosity. 

Moisture content has little effect on thermal stresses, because 
the temperature of heating usually exceeds 100°C (i.e., the rock is 
in a dry condition). An exception is the moisture held in closed 
pores. The normal heating of such rock causes the moisture to evapo- 
rate, with the result that additional thermal stresses are developed 
in the rock. 

Although Young’s modulus falls with temperature, the parameter 
BE increases with rise of temperature, since B grows. Up to temper- 
atures of the order of 600°C the increase of BH is significant; after 
that it diminishes but remains rather higher than at the initial 
temperature. When the temperature is raised from 60° to 600°C, the 
value of £f for granodiorite, for example, rises by 3.3 times and 
for quartz-porphyry ‘by 20.5 times (Fig. 67). 
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When the thermal stresses in a rock exceed its ultimate strength, 
it breaks. Hence, the condition for breaking is 


Or 2 Opreak 


The application of thermal stresses to break rocks is by far the 
first and widest field in which the action of heat is employed in 
mining. 

Since Oten < Scom in rocks, it is best to use tensile thermal stresses 
to. break them. 

The appearance of tensile and shearing stresses depends on where 
the working body, i.e., the volume of rock being heated, is located. 
The most effective breakage is obtained when it is located inside 
the volume being broken (and tensile stresses do the breaking); 
but in the majority of cases only the rock surface is exposed to heat- 
ing. In order to get a deep working body it is necessary to insert 
the source of heat into the rock mass, which may be done by drilling 
boreholes and blast holes to a definite depth. 

Thermal Breaking. One of the oldest methods of breaking rock 
is to split off oversize lumps by heating with the aid of a source either 
on the surface or at a depth (in a short hole). A variant. devised at 
the Moscow Mining Institute burns lumps of thermite in rather 
short holes; it has given good results in breaking hornfels, jaspilite, 
and quartzite. 

A method of inducing breaking stresses in a piece of rock by heat- 
ing it by means of an electric arc has been tested by the Rare Metals 
Institute (Irgiredmet) on sandstone, marble, and granite-porphyries 
both in the laboratory and in quarries. The action of heat of the arc 
splits the rock within a few minutes. Consumption of power is 
quite low. 

In the methods described the rock is heated by conduction from 
an external source. When the source of heat is placed on the surface 
of a piece of rock, the process of breaking amounts to the problem 
of heating a certain semi-infinite solid (part of a large body with 
only one clearly defined surface) by means of a steady source. 

Solution of the differential equation of thermal conductivity for 
such conditions gives the following formula for determining the 
temperature at any point in the rock: 


T—Ts _ d 
Ty—Ts =0(a ) 
where @ = integral of probability (or function of errors), the 


value of which can be found in relevant tables 

To, Tg and T = respectively the initial temperature of the rock, 
the temperature of the surface during heating, 
and the temperature at a point located at a dist- 
ance d from the heated surface. 
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If we have two points at different distances d, and d,, then provided 
their temperatures 7 are identical, we get 
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Thus, the time needed to heat any two points to one and the same 
temperature is inversely proportional to the square of their distances 
from the boundary surface 
(Fig. 68). 

The following conclusions 
can be drawn from these equa- 
tions: 

(a) the time taken to heat 
a rock is inversely proportio- 
nal to its temperature conduc- 
tivity; consequently, heating 
to great depth is possible only 
when the rock has a low roe 

ic. 68. i ing the metric heat capacity cd, as 
te tien seekers: eran a well as high thermal condu- 
superficial heating at a depth of 1 cm _ ctivity; 

(J) and 2 em (J/). (b) since time of heating 
rises sharply with depth of 
heating, the heat absorbed by the rock is accumulated mainly in 
a certain volume (the working body), the magnitude of which 
depends on the time of 
heating and the tempera-_ . @) a ()  g 
ture conductivity of the yhhdd hhh 


rock. ; 
ar we assume that the “LY 


thermal properties of a rock 
are the same in all direc- 
tions, then the working 
body will be almost a half- 
sphere (Fig. 69a). Its expan- 
sion results in the splitting Fig. 69. Heated working body TF in massive 
of rock. Clearly, the larger (a) and layered (b) pieces of rock, 

its dimensions and_ the 

more tapered its shape, the more easily the rock breaks. Therefore, in 
breaking oversize lumps of rock high temperature conductivity 
and layering of the rocks along the desired plane of splitting play 
a positive role. 
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As the thermal stresses in porous rock are lower than in dense 
non-porous rock, the breaking of loose, weathered, or highly porous 
rocks by thermal methods is ineffective, as a rule, despite the fact 
that the strength of rocks diminishes as o, falls. 

Rocks are also broken by using gas burners. With this technique 
directed breaking can be achieved (i.e., the drilling of holes, cutting 
of rock into blocks, dressing the surface of stone, etc.), as well as 
splitting of oversize pieces. : 

In thermal drilling a high-temperature, supersonic jet of gas 
acts upon the rock, intensively heating a thin surface layer of rock 
and producing thermal stresses that chip fine flakes from it. Conse- 
quently, the thermal drilling is a process of “peeling” small plates 
of rock from the surface. 

Breaking stresses can be developed in rock at relatively low tem- 
peratures (300°-400°C). But in order to speed up drilling, high- 
temperature gradients are required, which are governed not only 
by the properties of the rock, but also by intensive heat conduction, 
which depends on the rate of flow of the gas jet and the magnitude 
of heat flow. The higher the temperature gradient, the greater are 
the thermal stresses and the thinner the flakes peeled off. 

The separation of flakes is caused by both tensile and shearing 
stresses. High temperature conductivity in the rock and a low 
gradient adversely affect the effectiveness of thermal drilling. Produc- 
tivity falls sharply if heating increases the plasticity of rock. Fusion 
also lowers productivity both because much heat is needed to melt 
the rock and because the resulting slag is difficult to remove from 
the working face, which complicates drilling. 

Rocks break most effectively when their constituent minerals 
have different coefficients of thermal expansion and contain non- 
plastic cement counteracting the expansion of grains, and when 
their coefficients of thermal conductivity are low but the values 
of the parameter Ef are high. 

In soft and loose rocks the thermal stresses produced are not large. 
Ferruginous rocks are inclined to fuse and possess high thermal 
conductivity; fractured formations are easily heated to great depths 
by a gas jet, which leads to uniform heating of the various layers 
and reduces thermal stresses. These rocks yield to thermal breaking 
with difficulty. 

Certain criteria of thermodrillability based on the comparison 
of the stresses developed with strength properties of rocks are em- 
ployed. Thermodrillability can be estimated, for example, by a 
certain parameter II: 
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where v’ is an index characterizing the plasticity of rock on heating; 
usually v’ > 1. 

The parameter II forms part of the expression for the rate of ther- 
mal drilling, and characterizes it from the aspect of the physical 
properties of the rock. The lower the value of II, the less easily rock 
yields to thermal breaking. For drillable rocks the value of II varies 
between 5 x 10-? and 1.5 x 10-3. 

Experience has shown that rocks containing quartz yield easily 
to thermal drilling, since it has a high value of BZ and a high fusion 
temperature. It is also significant here that quartz does not lose 
its brittleness (v’ = 1) with rise of temperature. Experiments have 
shown that flakes are chipped off in thermal drilling when the rock 
surface is heated to 300° to 600°C, that is to say, the breaking of 
quartz is not generally connected with its polymorphic transform- 
ations; but their significance is in no way diminished by that since 
it is in the zone of polymorphic transformations that the high thermal 
stresses capable of breaking rock are developed. 

The rate of flame drilling also depends on the characteristics 
of the; jet gas burner and its operating conditions. Specific heat 
flow: q is of great significance (i.e., the quantity of heat imparted 
to a unit area of the surface being heated). 

In Soviet-built thermal drilling equipment the rate of gas flow 
ranges from 1,600 to 2,000 m/sec, and accordingly specific heat 
flow is between 10° to 10° J/m?-sec. Increase of pressure in the com- 
bustion chamber increases heat flow. In order to increase fuel con- 
sumption per second and pressure in the combustion chamber, nitric 
acid is sometimes used instead of oxygen as an oxidizer. Experiments 
have been conducted in drilling hard rocks by plasma burners, which 
produce far higher temperatures than gas burners. 

The thermal breaking of rocks has great prospects in mining. 
Research into the thermal properties of rocks and the thermal pro- 
cesses occurring in them~is expanding the field of applicability of 
flame drilling. At present thermal drilling is only employed in open- 
cast mining, although it is adoptable in underground work. It is 
also possible to design heading machines that combine thermal and 
mechanical breaking. Gas burners split the working face up while 
the mechanical device breaks it down. 

Use of Thermodynamics in Auxiliary Operations. All other process- 
es of thermal action are utilized in practice, as well as thermal stress- 
es. Thermal processes have great significance in antifreezing oper- 
ations, in thawing frozen rock, and in the freezing of the walls of 
mine workings, all of which pose problems of temperature distribu- 
tion, of the heat flow required, etc. 

In opencast mining it is often necessary, in order to keep rotary 
excavators working in winter conditions, to prevent the upper layer 
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of rock from freezing; if this is not done, it then becomes necessary 
to thaw the rock, which is done in various ways: by direct burning 
of fuel (coke) on the surface to be thawed or by laying heat conduits 
carrying hot gases or steam on it. 

In all these cases the laws governing the distribution of heat in 
semi-infinite solid bodies apply. The temperature and depth of 
heating of rocks depend on their temperature conductivity and the 
time of heating is inversely proportional to the square of the thick- 
ness h# of the frozen layer. So the heating of rock from the surface 
is costly and not very effective, when the value of # is high. To thaw 
the ground at a depth of 45 cm, a temperature of 800°C has to be 
maintained continuously at the surface for ten hours. 

In all the cases mentioned the conduction of heat is accompanied 
with convection. Moreover, along with the transfer of heat, matter 
itself is transferred; for example, moisture is gradually removed from 
the hot zone to colder regions. As a result, the laws of temperature 
distribution are considerably complicated (the comparatively young 
theory of heat and mass transfer is concerned with the processes 
of joint movement of heat and matter). Such measures as tha thawing 
of rocks during transport, the freezing of rocks during the driving 
of workings, etc., are also governed by the laws of heat and mass 
transfer. 

The caking capacity of clayey rocks at high temperatures is util- 
ized to give stability and impermeability to water to mine workings, 
which is particularly important in driving workings in rocks with 
a tendency to slide, flow, or swell. 

Thermal Processes in Geotechnology. Many new geotechnological 
methods of extracting useful minerals are based on the utilization 
of thermal processes. The underground gasification of hard and brown 
coals, underground distillation of shales, extraction of ores by fusion, 
sublimation, reduction, etc., present the greatest interest at the 
present time. 

Mendeleyev in his time mentioned the possibility of underground 
gasification of coal. Prof. Boky, of the Leningrad Mining Institute, 
suggested the first scheme of underground gasification. 

Underground gasification consists in burning coals underground 
and extracting the fuel gas thus obtained. In the simplest case two 
boreholes are drilled to open up the seam subject to gasification. 
They are then connected laterally by a channel through which gases 
and air can pass. The seam is then ignited; air is forced continuously 
down one hole and fuel gas is pumped out from the other. Gases 
of varreus chemical composition are obtained, according to the 
regime of the draught. 

The first industrial trials of underground gasification were carried 
out in 1940 in the Donbass and in the Moscow Coal Basin. 
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There are projects for the gasification of coal in opencast pits. 
In one of them the mine face is worked by a special installation 
instead of mining excavators, which burns coal in a very intensive 
regime at high temperatures and rapid rates of combustion. 

Underground distillation of shales was first attempted in Sweden 
in order to obtain liquid fuel directly. For this purpose boreholes 
were drilled from the surface into the designated area to form a 
hexagon with sides of 13 metres. Electrodes raising the temperature 
of the seam to 400°-500°C (the temperature at which shale breaks 
down) were inserted in each borehole. The distillation products 
were removed from a central borehole. Each part of the area was 
worked for six months. 

The method of underground melting of sulphur suggested by Her- 
man Frasch in 1901 is widely employed in the USA where about 
80 per cent of the sulphur mined is extracted in this way. In its 
original form the Frasch process was as follows. A vertical hole of 
250- to 300-mm diameter was drilled to the sulphur-bearing bed, 
and three concentric pipes lowered down it. Superheated water 
(160-170°C) was pumped down the largest of them into the bed where 
it melted the sulphur. The molten sulphur flowed to the well from 
all sides and was raised through the centre pipe to the surface by 
means of hot compressed air pumped down the smallest, inside pipe. 

A single borehole can yield up to 4,000 tons of sulphur by this 
process before it is completely exhausted (given a seam thickness 
around 30 metres), and will have melted all the sulphur over a radius 
of 20 to 30 metres. 

The profitability of extracting minerals by geotechnological 
means is readily appreciated from the following example. In one 
American sulphur mine, extracting with an annual production of 
4.5 million tons employs only 150 persons, a number less than in 
large quarries. ; 

The Frasch process has been considerably improved in recent 
years. For example, curvilinear boreholes have been suggested to 
make it possible to penetrate under bodies of water. As a result 
the effective radius of a well is increased (up to 100,000 tons of sul- 
phur can be provided by a single borehole). A system of two boreholes 
is also used, and hot water, hot gas, etc., circulated between them. 
The heat-transfer agent is introduced through one well and molten 
sulphur is extracted from the other. Electric heating of the sulphur- 
bearing layers is also employed; and atomic explosions have been 
suggested. It has been calculated that a small atomic explosion 
could melt out about 100,000 tons of sulphur. 

Certain substances (e.g., compounds containing arsenic, antimony 
and other compounds) are capable of sublimation. On being heated 
to a definite temperature they change from the solid to the gaseous 
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state, which makes it possible to transform them to the gaseous state 
by passing hot inert gas through a deposit, and then extracting 
it through a borehole. The metal can then be restored to the solid 
state by cooling. 

A technique of reducing metal directly in a deposit has been devel- 
oped by the Central Tin Research Institute and the Institute of 
Mining of the Siberian Branch of the USSR Academy of Sciences, 
and has been employed to extract mercury (which separates out from 
its ore, cinnabar, on heating to 450°C). The technique is twice as 
economical as underground mining and enables deposits with reserves 
of 100 to 150 tons of mercury to be worked, i.e., deposits that cannot 
be profitably mined either by opencast or underground methods. 

Study of the thermal processes in rocks will encourage the develop- 
ment of other geotechnological methods of extracting minerals. 

In connection with the possibilities of utilizing nuclear energy 
for peaceful purposes it would appear realistic to consider melting 
minerals more refractory than sulphur. It is impractical, for example, 
to transfer large quantities of heat by the usual processes to melt 
iron ores, as the enclosing rocks will melt along with the ore. But 
if an atomic explosion is employed as the source of thermal energy, 
a high temperature will then be created only in the zone where the 
charge is located, i.e., in the ore body. The quantity of heat obtained 
from an explosion is undoubtedly sufficient to melt out even the 
most refractory minerals. Even in small nuclear explosions in the 
USA pressures of seven million atmospheres have been obtained 
and the temperature has risen to 15,000°C. As a result of one such 
explosion 450,000 m® of rock was crushed. 

It is also possible that the huge pressures and temperatures at 
the point of the explosion could quite alter the rock and minerals 
and create new, industrially valuable varieties of rocks. Graphite, 
as is known, is transformed into diamond at high temperatures 
and pressures. 

Studies of thermal processes in rocks have mainly been conducted 
hitherto in the range of high temperatures, but investigation of the 
effects of deep freezing presents great theoretical and practical 
interest. 

The processes of the effect of alternating high and low temperatures 
on rocks have not so far been properly investigated. Similarly the 
combined effect of thermal and mechanical processes has only been 
studied superficially. 

Determination of Thermal Parameters. All methods of determining 
the thermal properties of solids are based on observing the temper- 
ature gradient in a definite zone of a heated specimen. They may be 
divided into two groups: 

(a) methods of steady-state heat flow; 


166 CHAP. IV. THERMODYNAMICS OF ROCKS 


(b) methods of unsteady-state heat flow. 

Methods of steady-state heat flow are based on the creation in a 
specimen of the classical steady-state conduction of heat fromfone 
plane to another. Rock specimens having the shape of plates are 
heated on one side and cooled on the other. The temperatures of the 
surfaces being heated and cooled should remain constant during 
the whole experiment; consequently the drop of temperature AT 
is also constant. : 

The employment of various rings with the same temperature as 
the lateral surfaces of the specimen reduces heat loss through them 
to a minimum. It can then be considered that heat flow through 
the specimen is constant, is directed perpendicularly to the plane 
of heating, and is not dispersed. The equation of thermal conductivity 
in that case takes the following form: 


Qa=as St at 


As Q,S and 57 ’ are constants in the experiment, thermal conduc- 


tivity is easily eaieiiiea from the equation. Temperature is meas- 
ured by thermocouples, and heat flow is taken as equal to the power 
of the heater: 


Q= Ul, watts 


But since the apparatus has a high thermal inertia, the experiment 
is often much prolonged owing to the need to maintain the boundary 
conditions, and that complicates the experiment. 

It is also not possible to determine the thermal parameters of 
wet rocks by steady-state methods, since the moisture is redistributed 
during protracted heating, and there is no possibility, with these 
methods, of simultaneous determining the temperature conductivity 
or heat capacity of rocks in the course of heat conduction. 

For these reasons the methods of steady-state heat flow are of little 
use for mass determination of the thermal properties of rocks, and 
are not practicable. 

With methods of unsteady-state heat flow the temperature of the 
various parts of the specimen does not remain constant during the 
experiment, but is altered either arbitrarily or according to some 
previously determined law. 

In this case Fourier’s equation of heat conduction takes the fol- 
lowing form: 

or 0 @#er 
: “Ot cO oat * 


*.The calculations are rather more difficult but the experiment 
becomes easy. 


°C/sec 
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Since the parameter BZ is commonly used and is very important 
for the study of thermodynamic processes, it is extremely helpful 
to determine the coefficient of linear expansion of rocks together 
with Young’s modulus by the method developed at the Moscow 
Mining Institute, based on simultaneous measurement of the velocity 
of distribution of ultrasound and the linear expansion of the rock 
being heated. : 

Rods of fused quartz are used to fix the specimen in the furnace 
and to connect it to the ultrasonic generators and strain gauge; 
fused quartz has negligible linear expansion through variation of 
temperature, and the rise in Young’s modulus is insignificant. 

The determination of thermal conductivity directly in a rock 
mass is more complex; for this purpose data obtained from thermal 
studies of boreholes utilizing both the natural thermal field of the 
Earth and artificial fields are employed. In the measurements 
the geothermal gradient grad 7 (G) is determined. 

When the heat flow gq is known, thermal conductivity is determined 
from the formula 


a 
N= 


These calculations are used in geophysical studies. 





QUESTIONS AND PROBLEMS 


1. Heat flow in a dielectric is transfer of the energy of vibrating particles from 
one crystal lattice to another. It is known that ultrasound is also transfer 
of elastic vibrations from one particle to another. In what respect do they 
differ? Why is heat not transferred in rocks with the velocity of sound? 

2. Examine and explain the effect of pressure and temperature on the tempe- 
rature conductivity of rocks if it is known that the variation of c and \ with 
these factors for a given rock takes place according to the following laws: 


C¢= Cy +3 xXx 10-47; At =Ag—4 x 10-8T 
Cp=Cg+4X 10-40; Np =Ao+2 x 10-80 


3. How end why do thermal stresses vary in rocks with increase in the latter’s 
porosity ; 

4. A gabbro consists of the following minerals: plagioclase—59% , hornblende— 
31%, quartz—20%, pyrite—4% , hematite—4%; the porosity of the gabbro 
is 1.4%. Calculate its heat ¢apacity, given that the heat capacities of the 
minerals are as follows: plagioclase—0.6 J/g-°C, hornblende—0.48 J/g-°C, 
quartz—0.71 J/g-°C, pyrite—0.50J/g-°C, hematite—0.63 J/g-°C. 

5. A rod of a rock placed in a device for geological studies experiences tension. 
During the experiment there is an unexpected rise in its temperature. Des- 
cribe the phenomena that would be observed and tell what will be the nature 
of error in calculations of relaxation time and creep in the rock, if the tem- 
perature. rise is not taken into account. 


CHAPTER V 


ELECTROMAGNETIC PROPERTIES 
OF ROCKS 


1. Basic Concepts of the Theory 
of Electric Field. 


Electrodynamics of rocks, as a study, is concerned with the elec- 
tric and magnetic fields (taken separately and together) in a space 
filled by rock, and with the processes taking place in rocks through 
the action of these fields. It deals with a number of quantitative 
electric and magnetic characteristics of fields. 

An electric field manifests itself as a force exerted on charged 
bodies and particles. The magnitude and direction of the electrical 
forces at any point is defined by the field intensity (or field strength) E. 

Electric Field Intensity. The electric field intensity or strength 
is a vector equal to the ratio of the force F acting on a positive 
charge and the magnitude of that charge: 


E= $ , volts/metre* 

An electric field is also characterized by the work it can perform, 
which is defined by the potential g, equivalent to the work done 
in transferring a unit charge to a given point from the point where 
the strength of the field is zero. The difference in electrical potential 
between these two points (A and B) is known as their potential 
difference JU: 


ga—2=U, volts 


The maximum rate of change of the potential is known as the 
potential gradient (grad @). It is numerically equal to the field inten- 
sity but opposite in sign, and is a vector; in the one-dimensional 


* The units of E in the M.K.S. system are newtons/coulomb, 
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case it can be written as follows: = 
grad p = ae i, volts/metre 


where i is the unit vector along the z axis. 

Dielectric Constant (Relative Permittivity). Field strength (elec- 
tric field intensity) and grad @ depend on the properties of the med- 
ium in which the electric field exists. The effect of the medium’s 
properties is given by Coulomb’s law of the force of attraction and 
repulsion between two point charges: 

F= Q1Q2 


= Ine,rt? newtons 





magnitudes of the charges 
their separation 
& = coefficient accounting for the electrical pro- 
perties of the medium, known as the permit- 
tivity, or absolute dielectric constant of the 
medium. 

The permittivity ¢, can be expressed as the product of two quan- 
tities: e, = e&9, where &, is a certain coefficient of proportionality 
between the force and the interacting charges in a vacuum. This 
coefficient is known as the electric constant of vacuum and is equal 
to 8.85 x 10-1! farad/metre. 


Here ¢ = = is the dielectric constant or relative permittivity 
of the material under study. 


where Q, and Q, 
; 


Since E => the following relationship can be derived when 


considering field intensities in a vacuum £, and in rock E>: 


Ey Fy 

Eg hy 
i.e., the relative permittivity shows how much field intensity varies 
(decreases) in rock compared with a vacuum. 

Hence, the relative permittivity e¢ is the first parameter chara- 
cterizing the electrical properties of rocks. Its physical nature 
is considered below. 

In calculations it is desirable to use field parameters that do not- 
depend on the properties of the material. For that reason, use is often 
made of another parameter, the electrical induction D, instead 
of electric field intensity. The magnitude of this is determined 
only by the charge Q: 
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Electrical Conductivity. All bodies can be divided, according 
to their electrical properties, into two groups: (a) conductors, and 
(b) dielectrics. Conductors are characterized by the fact that any 
type of electric field causes a movement of charges in them, and 
dielectrics by the complete absence of the free movement of charges. 

The concept of the dielectric constant has significance only for 
the second group of rocks. Indeed, if the medium in which charges 
are present is capable of conducting current, then the charges, 
instead of interacting, will be moved from the point with maximum 
potential to the point with the lowest potential until @ is equalized. 

Thus, in an electrostatic field, g = constant for a conductor and 
E = 0, which means that the dielectric constant of a conductor 
is close to infinity and that a conductor has no electrostatic field. 

The transfer of charges from one point in a conductor to another 
through the motion of electrons or ions is known as conduction cur- 
rent. A current can clearly be characterized by the number of ele- 
mentary charges passing through unit cross-sectional area of a con- 


ductor in unit time, a quantity known as current density j. Current 
density is directly proportional to electric field intensity: 


j=CE 


This equation is a differential form of Ohm’s law, where the 
coefficient ¢ is dependent on the type and condition of the conductor 
and is known as its electrical conductivity, and is measured in siemens 
(1/ohm +m). : : 

Thus we have a second parameter characterizing the electrical 
properties of rocks. Whereas the dielectric constant characterizes 
the electrical properties of dielectrics, the conductivity isan electrical 
parameter of conductors. Rocks, in most cases, belong to the class 
of semiconductors, which are characterized by the properties of both 
dielectrics (e400) and conductors (rocks have certain values 
of electrical conductivity ¢ = 0). 

‘Thus there may simultaneously be electrostatic fields and ele- 
ctric currents in rocks. With variable electric fields, displacement 
currents are produced in rocks. 

Imagine an electric circuit with an electrical condenser filled 
with a dielectric. Only an alternating current can flow in such 
a circuit owing to the alternate charging and discharging of the 


condenser. This current is known as a displacement current, jaig, 
which is the time rate of change of the vector of electrical indu- 
ction D: ; 


Bees aD 
J dis = at 
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Displacement current, like conduction current, produces a mag- 
netic field around it but in other respects it differs from conduction 
current. Thus jai, is proportional to the rate of change of the ele- 
ctric field in rock (conduction current is proportional to voltage), 
is not associated with any transfer of charges or even with their 
presence, and does not involve any evolution of heat in the rock. 

Total current density in a semiconductor is consequently 


= = 0E 
J = CE + ee = 


These general propositions of the theory of electric fields form 
the basis for evaluating the electromagnetic properties of rocks. 


2. Polarization 


When rock is exposed to an electric field, its internal bound char- 
ges are displaced from their equilibrium positions, that is, the cen- 
tres of gravity of the positive and negative charges in molecules 
no longer-coincide and unbalanced bound charges appear on the 
rock surface, which produce an electric field opposite in sign to the 
applied field and weakening it. 

The rock is then said to be polarized and the process itself is known 
as dielectric polarization. The polarization is evaluated by the vec- 
tor P representing the electric dipole moment per unit volume 
of a dielectric material. The polarization is equal to the difference 
between the true electrical induction of a field and its electrical 


induction in a vacuum (at Z = constant): 
P=D—D,, coulombs/m? 
or 
P = egeE — egk = eoF (e —1) 
Thus the meaning of the dielectric constant or relative permit- 


tivity e of a rock becomes clear: it serves as a measure of the pola- 


rization of arock. Indeed, if P = 0, then e = 4, i.e., there is no 
change of the electric field in such a dielectric compared with a vacuum: 


P 
e=—~-+1 
&oE + 
As the polarization vector P is always opposite in direction 
to the applied field, the resulting electric field EZ, in the rock will 
always be smaller than the electric field Z, in; vacuum, that is, 
Ep 


q=e>l and P>0 
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It should be stressed that polarization occurs only through displa- 
cement or rotation of bound charges—free charges can only give 


rise to conduction current. 


The atoms or ions of a crystal lattice with homopolar and hete- 
ropolar bonds and also volumes of rock occurring in certain structu- 
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Fig. 70. Different types of polarization 


of rocks: 


I — electronic polarization; IZ — orientation 

polarization; III — space-charge or interfacial 

(macroscopic) polarization; a — in the absence 

of external electric field; 6 — in the presence 

of external electric field; 1 — dielectric; 
2 — conductor; 3 — pores. 


ral conditions may play the 
tole of bound charges. 

Four types of dielectric po- 
larization are distinguished 
according to the mechanism 
involved: namely, electronic, 
atomic, orientation, and space- 
charge or interfacial. _ 

1. Electronic polarization P, 
arises when an external field in 
atoms acts as a result of the 


displacement of electron orbits 


relative to the positively char- 
ged nuclei (Fig. 70, J). 

Since the displacement of 
electron orbits increases with 
increasing field intensity, P. 
is directly proportional to the 
intensity E (elastic polariza- 
tion): 


P,=aEn 
where « = polarizability of 
atoms (a coefficient 


characterizing the 
capacity of atoms 
to be deformed by 
the action of an 
external electric 
field), F -m?- 

n = namber of polari- 
zed atoms per unit 
volume, 1/m°. 

The electric dipole arising 
from the displacement of char- 


ges can be characterized by the dipole moment, a vector directed from 
a negative charge toward a positive one; it is numerically equal 
to the product ‘of one of the charges e of the pole and the vector 
distance 1 between the poles: 2 

p=el 
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The total dipole moment of a unit volume of rock is its electronic 
polarization P-: 


= og. 9 ee 
ae ae AV 

Electronic polarization is characteristic of all atoms and mole- 
cules, and is the most rapid type of polarization (the relaxation 
time* associated with the movement of electrons to give rise to P, 
is very short, of the order of 10-}* sec). 

2. Atomic (ionic) polarization P, arises from the movement of the 
ions or parts of crystal lattices with homopolar (covalent) bonds under 
the influence of an electric field. Here it is positive and negative 
ions that are displaced by the influence of voltage and not electrons. 
The magnitude of atomic polarization is also directly proportional 
to the magnitude of the applied field: 


Py=a’'En 
where a’ is the polarizability of the molecule. 
The relaxation time associated with atomic polarization is larger 
as compared with electronic polarization (40- to 10-! sec). 


3. Orientation polarization P, (Fig. 70, IZ) occurs when rocks 
contain ions with polar bonds. When polar (ionic) bonds exist bet- 
ween ions, each molecule once formed has a certain dipole moment 
that is independent of the intensity of the external field. Neverthe- 
less the total dipole moment in a certain volume of rock composed 
of such molecules is zero owing to their chaotic arrangement (in the 
absence of an external field). When such a rock, however, is brought 
into an external electric field (E 0), the dipoles tend to become 
oriented in accordance with the field, i.e., the entire volume of rock 
becomes polarized. 

In liquids, where the bonds between individual molecules are 
weak, the orientation of dipoles will be complete and will not depend 
on the electric field intensity. In hard rocks, the bonds between 
molecules do not allow them to become oriented along the force 
lines of the field. The dipoles turn only through a certain angle, 
depending on the strength of the bonds in the rock and the intensity 
of the external field; and this angle apparently increases to a certain 
extent with rise of # (quasi-elastic polarization). 

The thermal motion of molecules however has the greatest effect 
on P,; and when the temperature is raised their vibration is increa- 
sed and the number of oriented dipoles reduced. 





* The time constant, or relaration time, as it is called, is the time necessary 
for the charge movement to reach equilibrium; it varies over a wide range from 
one type of polarization to another.—<£d. 
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Hence 


P,=aa: E= = ae -E 
where e = polarizability of dipole molecules 
= dipole moment of the polar molecule 
A = Boltzmann’s constant 
T = absolute temperature. 

The relaxation time for orientation polarization ranges from 
10-7 to 10-® sec. 

4. Space-charge polarization* P, occurs in multiphase systems 
consisting of crystals with different properties and voids filled with 
liquid or air (Fig. 70, ITT). 

When a rock is introduced into an electric field, the free electrons 
and ions in conducting and semiconducting inclusions begin to move 
within the limits of each inclusion, which acquires a dipole moment 
as a result, and behaves like a large molecule. Strictly speaking this 
phenomenon is caused by an electronic or ionic conduction current 
within the limits of each inclusion; but as the movement of charges 
is limited by the size of the inclusion, the ultimate result is similar 
to polarization. 

The relaxation time associated with space-charge polarization 
is 10-§ to 10-* sec 

As the relaxation times of orientation and space-charge polariza- 
tion of rocks are comparable with the frequency of electromagnetic 
fields used for most practical purposes, these two types of polari- 
zation are called relaxational or slow in contrast to the “instan- 
taneous” displacement of electrons and ions. 

Slow electrochemical polarization also occurs in rocks, caused by the 
processes that develop when current flows through wet multiphase 
rocks. These processes include: 

(4) the oxidation-reduction processes typical of sulphides, oxides, 
and highly carbonized coals; 

(2) processes characterized by the appearance of products of ele- 
ctrolysis and gases at the entrance and exit of the. current; 

(3) electroosmosis, i.e., the movement of liquid molecules with 
a charge of one sign toward the electrode of opposite polarity, and 
electrophoresis, i.e., the displacement of solid particles of reverse 
sign toward the other electrode; 


* This type of Bolanieation: process arises in materials which are chemically 
or physically heterogeneous. In these materials, charge mobility may vary 
in contiguous regions.’ There will thus be an accumulation of charge at the 
interface between the two regions causing polarization. This type is also known 
as interfacial or Mazxwell-Wagner polarization, or else as macroscopic polariza- 
tion, since it involves ionic movements over macroscopic distances.—Ed. 
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(4) redistribution of the concentration of solutions; for example, 
as a result of the passage of current through quartz sand saturated 
with a NaCl solution, a higher concentration of the solution being 
found on the positive electrode. 

These processes are both reversible and irreversible. 

Electrochemical polarization is much slower than the other types 
of polarization. In coals, for example, it takes several minutes 
to reach its maximum. But the 
greater the mobility of the mole- 
cules in the rock being studied, 
the longer polarization takes and 
the greater its magnitude will be. 

Electrochemical polarization 


P..ch is determined by the cur- 
rent drop in the rock specimen 
with time (Fig. 71). When current 
is switched off, polarization cur- 72 10 20. 30 
rent develops in a specimen, 





40 tin 


Fig. 71. Electrochemical polarization 


with polarization in the opposite 
direction to the applied potential 
difference. The most active mi- 
nerals in this respect are pyrite, 


of rocks detected by a change in the 

intensity of current passing through 

specimens of basalt with different 
moisture contents: 


1—w=0%; 2—w = 0.238%; 3 —-w = 
°° "0.88%. 


pyrrhotite, chalcopyrite, and 
graphite. Magnetite, hematite, 
and other oxides possessing metallic conductivity are also active. 

The total polarization of a rock, which is the average dipole 
moment of its unit: volume, is expressed by the sum of all types. 
of polarization: 

P=P.+PatPotPs+ Pech 
or 
P=aQakEn 
where a, is the conventional mean polarizability. 

The phenomenon of electrostriction occurs under the action of 
an electric field. It is a form of-elastic deformation (similar to that. 
caused by cubic compression) induced in a dielectric when placed. 
in an electric field and is characteristic of all rocks. 

Electrostriction is caused, on one hand, by the pressure exerted 
by the charged particles producing a field and attracting one another, 
and, on the other hand, by the displacement of ions and electrons. 
under the influence of an electric field. In other words, it is a phe- 
nomenon accompanying polarization. : 

The mechanical stresses developing’ as a result of electrost- 
riction are directly proportional to the square of electric field: 
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intensity: 


When field intensity is not high, electrostriction is insignificant. 

Electrostriction must be differentiated from piezoelectric effect. 
The latter is typical of certain crystalline minerals, and causes quite 
large deformations of crystals under the action of a field. 


3. Relative Permittivity and 
Dielectric Losses 


The dielectric constant (relative permittivity) of rocks depends 
on the number of particles polarized in unit volume and their mean 
polarizabilities. 


Since P = a En, where a, is the conventional mean polarizabi- 


lity, and since, in addition, P = e,F (e — 1), the following rela- 
tion can be obtained 
Aon 
&0 


eE= 





+4 


Taking into account the interaction of dipoles within the pola- 
rized volume complicates this formula, which then takes the follow- 
ing form (the Clausius-Mossotti law): 

e—1 aon 
e+2 ~~ 3€ 








At the same time the number of elementary dipole moments 
depends on the field frequency. If, for example, the electric field 
changes its direction approximately 10'* times per second or faster 
(the optical range of frequencies), then no other form of polarization 
than electronic* can occur in a rock, since the completion of atomic, 
orientation, and other types of polarization requires much more 
time than the period. of existence of the field in any one direction. 

Atomic polarization occurs only when the frequency of a variable 
electric field is reduced to 10! hertz (cycles per second), and orien- 
tation polarization takes place when the frequency of the field does 
not exceed 10’ to 10% hertz, etc. 

As a result, the dielectric constant gradually falls and approaches 
unity as field frequency rises from f = 0 to f — oo (Fig. 72). 

In the radio frequency range (10°-10° hertz) it can be assumed 
that electronic and atomic types of polarization always develop, 


* Because of the speed of transition, this type of polarization is frequently 
referred to as optical polarization, and the parameters associated with it are 
similar to those which determine refraction of light.—Ed. 
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independent of the frequency, and that electrochemical polarization 
does not occur at all. 

Thus the change of dielectric constant with frequency is caused 
by orientation and space-charge polarization. Consequently, to eva- 
luate ¢ for rocks, one may use either the values of dielectric constant 
when f = O or the values of e¢ when f = 10” to 10" hertz. In the 
first case all types of polarization are included in the concept of rela- 
tive permittivity and in the second only the electronic type. In the 
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Fig. 72. Dependence of polarization of rocks on frequency: 


I — space-charge or interfacial (macroscopic) polarization; II — molecular or orientation 
polarization; III — atomic polarization; IV — electronic polarization. 


study of rocks it is more important to characterize them by the 
frequency-relationship curve of ¢ rather than by a single value 
of ¢. 

At smaller frequencies the dielectric constant of minerals varies 
between 3 and 25. Those with only electronic polarization have the 
smallest values of ¢ (for sulphur ¢ = 4). Minerals capable of atomic 
polarization as well as of electronic usually have a high dielectric 
constant: e.g., for halite and sylvite « = 4.7 to 6.4. 

The value of relative permittivity rises in minerals with orien- 
tation polarization, which explains the high values of e for water 
(81), ice (78), rutile (130), etc. Ore minerals characteristically have 
high dielectric constants (for conductors & —> oo). 

The dielectric constant of rocks is an additive function of the 
values of € in its constituent minerals, and of their concentration 
and juxtaposition (see Appendix, Table XXVII). Rocks containing 
ore minerals have the highest relative permittivity. The maximum 
values of ¢ can be calculated by the following formulas according 
to mineral content: 


n 
, 
Eay = > eV; 
i=1 
" &4&2 ... En 


Ege eeee————eee—eeeeEeEeEeeee 
av 8483 os EnV + 2n83 ... EnVo+ ey... EnV 
12—438 
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where €; is the relative permittivity of the mineral, whose relative 
volume in the rock is V;. 

The first formula is obtained on the condition that the minerals 
occur in layers and that all layers are arranged along the effective 
field; the second formula is derived assuming a transverse position 
of the layers (i.e., series connection). For spherical inclusions Max- 
well’s formula is useful: 


= 3V2 (€2 — &1) 
ev = 8 [t+ oe tee aap | 
where €, = permittivity or dielectric constant of the phase, the 


volume of which is Vz < 1 
€, = the permittivity of the medium (matrix). 
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Fig. 73. Curves showing the dependence of dielectric constant upon the relative 
volume of well-conducting minerals: 


1 — on the basis of Maxwell’s formula; 2 — on the basis of Lichtennecker's formula; 3 and 
4 — in the case of extreme forms of inclusions. 


As mineral particles are distributed chaotically in rocks, other 
formulas have to be used to calculate the permittivity (dielectric 
constant) of the mixtures, for example, Lichtennecker’s formula 
(Fig. 73): 

log €ay = » V; log e; 
& Vi 
Eay = &2 (++) 

Use of these formulas to calculate ¢ for mixtures is justified only 
when the distribution of the minerals and the frequency of the ele- 
ctric field prevent the development of interfacial polarization in the 
rock. Pp 
At lower frequencies permittivity is always increased when a single 
crystal turns into a polycrystalline mass or when a polycrystalline 
substance becomes more inhomogeneous (Table 11). 
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The permittivity of layered rocks is always greater along the 
bedding than across it: 
ey = £40, + Eds 
£4&2 
© 1 Gide + od; 


where ¢, and &, are the permittivities of layers of thicknesses d, and 
d, (d, + d, = 1), respectively. 
The derivation of these formulas is based on calculation of the 
capacitance of condensers, connected in parallel and in series. 
Since ore minerals have high values of €, a relationship can be 
found in certain cases between the permittivity and apparent 


TABLE 11. Comparison of ¢ of Mono- and Polycrystals 


Mineral or rock | & | Mineral or rock & 


Quartz ....... | 4,69-5.06 Calcite ....... 7.5-7.7 

Quartzite...... 6.6-7.0 Marble ....... 8.3 

Pure sandstone .. . 9.0-11.0 Limestone ..... 8-12.0 
Metamorphosed lime- 

stone. ..... . 15.2 


specific gravity of rocks. At constant field frequency, an increase 
in the value of ¢ of rock is usually observed with the rise of apparent 
specific gravity. The relationship between y and ¢ may be due not 
only to the presence of ore minerals in rocks but also to the porosity 
of the latter. In fact, as experiments have shown, the value of « is 
much lower in dry porous rocks than in dense ones, which is linked 
up with the fact that the permittivities of air and of other gases 
are close to unity; and if © of porous rock has to be calculated from 
Lichtennecker’s formula, then 


—ein-P 
E=E5 


This formula gives the mean value of ¢« and does not take into 
account the shape of pores. When pores are like fractures in shape, 
they have a great effect on the overall permittivity of rock if all 
measurements are taken perpendicular to the fractures (Fig. 74). 
Here the formulas for parallel and series connection of condensers 
can be used. 

Wetting usually increases the permittivity of rock. The electrical 
properties of the phases constituting rock are given in Table 12, and 
the values of selected dry and wet rocks are furnished in the Appen- 
dix (Table XXVIII). 


12* 
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If studies are made at high frequencies, where interfacial polari- 
zation plays no role, the formulas of mixtures given above can 
be used to calculate the permittivity of wet rock. With open poro- 
sity, for example, 


€ = wW(€»~—1)—P (€m—1)+&m 
where €,, and €, = permittivities of mineral skeleton and water, 


respectively 


w = volumetric moisture content of rock in frac- 
tions of unity. 
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Fig. 74. Dielectric constant versus porosity: 


a — on the basis of Lichtennecker’s formula; 2 — for the case of an electric field along the 
fractures; 3 — for the case of an electric field across the fractures. 


Increase of confining pressure causes a certain rise in the permit- 
tivity of dry porous rocks owing to the compaction of the mineral 


TABLE 12. Electrical Properties of the Phases 
Constituting Rock 








Electrical 
Phase | resistivity, Permittivity 
ohm-cm 
BIE? Pees Se, eh dee od > & oo 1.00058 
Water. 6 iow wn ees 10-107 80 
Tee” 6.6 cee 6.7x 10? 79 
Petroleum ....... 1012 2.0-2.7 





skeleton; the increase is most significant up to a pressure of 
4,000 kg/cm? (in limestone and syenite). 

Increase of electric field frequency reduces permittivity, the drop 
being more significant in rocks with high values of ¢ at low frequen- 
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cies. As a result, the range of variation of the permittivity of rocks 
is narrowed at high frequencies. At frequencies higher than 50 MHz 
most rocks have a range of 5 < ¢ < 10, which is explained by the 
fact that the differences seen at high frequencies in the values of ato- 
mic and electronic polarization for 
various rocks are less significant. 

The strong frequency dispersion of 
e is characteristic of wet rocks, in 
spite of the fact that the permitti- 7° 
vity of water remains almost con- 
stant up to a frequency of 10° Hz 
at any temperature. That means 29 
that the increase in permittivity of 
wet rock at low frequencies is not 
due to the higher value of & of the 
water, but is a consequence of inter- 
facial polarization (Fig. 75). Research 
shows that the permittivity of rocks 
(mainly porous) increases slightly 
with rise of field intensity, and that 
the higher the temperature, the steep- 
er is the rise. 

The most characteristic curves of 





00501 05 f 
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the variation of permittivity with 
temperature are given in Fig. 76. It is 
clear that there is an almost complete 
absence of any relationship between 
this index and temperature up to a 


Fig. 75. Frequency relationships 
of dielectric constant of garnet- 
porphyry: 

1 — air-dried specimen; 2 — dried 
specimen; 3 — wet specimen; 4 — an- 
nealed specimen. 


certain limiting value of T at a given 

frequency. When 7 = Yoyit, © rises sharply (Tcrit here being 
between 300°and 600°C, and with increase of frequency tends toward 
the higher values). 

All these phenomena are explained by two main causes. Firstly, 
all types of polarization bring down the relaxation time of rock with 
rise of temperature, i.e., they reach the maximum value more rapid- 
ly, which permits e to rise with temperature. Secondly, the 
magnitude of orientation polarization in solids depends on the bonds 
between the particles, on the one hand, and on the thermal move- 
ment of molecules, on the other. The binding forces in rocks are redu- 
ced with rise of temperature, which permits ¢ to increase. But at 
the same time the thermal motion of molecules is intensified, and 
this diminishes ¢. The interaction of these factors produces a peak 
on the curve e¢ = f (7). 

The permittivities of liquids and melts, in which molecular bonds 
are not rigid, characteristically fall with temperature. 
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Other types of relationship are sometimes possible, for example, 
reduction of permittivity with temperature. 

Anomalies are observed in the relationship of ¢ to 7 when 
there are phase transformations of minerals. With sulphur an abrupt 
rise of e is noted in the interval of 95°-96°C; this corresponds 
to the transformation of rhombic sulphur into the monoclinic type. 
The transformation of aragonite into calcite in the temperature inter- 

val 360°-470°C also indicates a 
&, change of permittivity. 

Special Electrical Phenomena 
in Rocks and Minerals. There 
are 32 known crystallographic 
classes of minerals; of these, ele- 
ven have centres of symmetry. 
These minerals do not possess 
special electrical properties, and 
are therefore governed by the 
rules already mentioned. Elect- 
rostriction occurs in them as in 
all solids. 

Minerals of the remaining 

0 10 200 300 400 5007,°C  erystallographic classes are non- 
Fig. 76. Temperature-frequency rela- centred. Piezoelectric effect is 
tionship of dielectric constant of characteristic of them. 

quartz-porphyry. The phenomenon of piezoelec- 
tricity isthe occurrence of polari- 
zation of a crystal as a result of application of mechanical stress. 

Thus, when a load is applied to a single crystal of quartz, posi- 
tive and negative charges are produced on opposite faces. The effect 
is reversible, so that application of an electric field to quartz deforms 
the crystal (the deformation being greater than in electrostriction). 
Piezoelectric effect differs from electrostriction in that it depends 
on the direction of the field. Application of alternating electric 
fields to the face of a crystal causes it to vibrate. The amplitude 
of vibrations in the crystal is most significant when the field frequen- 
cy corresponds to its resonance frequency f which is determined 
by its size. In a quartz plate, for example, 





14 


3 


Bee Vol 
aa 8. 
or, after substituting the values of Ey and 6 of quartz. 


ja enw , hertz 
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where d = thickness of the plate in cm 
E,, = modulus of elasticity along the axis perpendicular 
to the direction of radiation in N/cm? 
6 = density of quartz in g/cm’. 

More than 1,200 minerals are known to have piezoelectric pro- 
perties to some extent or another. Piezoelectric effect has been 
studied in more than 400 minerals, including quartz, tourmaline, 
zinc blende, boracite, sphalerite, and nepheline. 

It has been found that polycrystals have piezoelectric effect 
as well as single crystals. Piezoelectric effect is also observed in rocks 
containing piezoelectric minerals (granites, gneisses, quartzites, 
veined quartz, nepheline-bearing rocks, etc.). 

The magnitude of polarization P of a piezoelectric substance 
is directly proportional to the mechanical stresses o: 

P=d'o 
where d’ is a coefficient characterizing the piezoelectric effect of rock, 
and known as the piezoelectric constant. 

To characterize the piezoelectric effect of rock the ratio of its 
piezoelectric constant to the value of d’ of a single crystal of quartz 
is used. Veined quartz has the strongest piezoelectric effect (40 per 
cent of the constant of a single crystal); in quartzites the piezoelectric 
constant is 1 per cent, in gneisses and granites 0.1 to 0.5 per cent. 

Ten crystallographic classes out of the total number of piezoele- 
ctric minerals have special axes, in the positive and negative dire- 
ctions of which the properties of the crystals differ. These crystals 
are spontaneously polarized. As the magnitude of their polarization 
depends on temperature, they are known as pyroelectric substances. 
When a pyroelectric crystal is heated, one end becomes positively 
charged and the other negatively charged. Cooling of the crystal 
brings about change in the sign of the charge. The development 
of charges on the surface of a pyroelectric substance is linked with 
the additional displacement of dipoles along the electrical axis 
under the action of temperature. Pyroelectric effect is reversible: 
in electric fields directed along the electrical axis a crystal becomes 
heated, and in reversed fields it cools. Tourmaline, for example, 
is pyroelectric. 

In some pyroelectric minerals the direction of spontaneous pola- 
rization can be changed by an external electric field. These minerals 
are known as ferroelectric*. Minerals of cubic, tetragonal, rhombic, 
and monoclinic systems may exhibit ferroelectric properties. 

* Ferroelectricity was first observed on Seignette or Rochelle salt (first 
made as a laxative by the pharmacist Seignette, living in La Rochelle) and 
therefore sometimes called Seignette electricity. Since Rochelle salt is no longer 


the most typical representative of this class of materials, the name ferroelectri- 
city has gradually replaced the older term.—Ed. 
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As ferroelectric minerals are spontaneously polarized, so even 
at negligible field intensities their degree of polarization is conside- 
rable. They therefore have exceptionally high permittivity (20,000 
and more), which greatly depends on temperature and has anomalous 
values at definite temperature intervals. There is a temperature 
above which ferroelectric minerals lose their polarization and become 
depolarized. This temperature, known as the Curie point, exists 
for each crystal, and ranges between 10° and 840°K. At the Curie 
point the crystal lattice is rearranged—a phase transition takes 
place. Minerals like pyrochlore, colemanite, boracite and pyrolusite, 
and the ceramic crystals of BaTiO3, KTaQs, etc., possess ferroelectric 
properties. 

At present special electrical phenomena are used to obtain informa- 
tion about rocks, for example, in geophysical prospecting for minerals. 

Practically all minerals—dielectrics and poor semiconductors— 
are capable of becoming polarized on friction, an effect known 
as triboelectricity*. There is a general rule that when there is friction 
between two dielectrics, the one with the higher permittivity will 
acquire the positive charge. This phenomenon finds application 
in mineral separation processes. 

Dielectric Loss. A rock occurring in an alternating electric field 
has yet another parameter, the angle of loss of dielectrics 5, which 
can be regarded as an angle under 90° complementing the phase 
difference between the total alternating current passing through 
a capacitor filled with dielectric and the voltage between its plates. 


The tangent of angle 6 is the ratio between the active (loss) (I a) and 
reactive (charging) (J,) components of the current: 


1 
~~ 2nfCR 


tand— 2 
I; 


The parameter tan 5 known as power factor characterizes the part 
of the electrical energy which is lost in the rock and appear as heat. 
The energy lost by the rock in an alternating field can greatly 
exceed that dissipated in a direct field and equal to the product 


of current J and voltage U: 
e U2 
eh en 
With alternating current, substituting the value of R, we can 


write: 
Q=2nfC tan 6U? 


Consequently the loss of energy rises with increase of the field 
frequency f (on the condition that tan 6 = const). 


* This effect is also called contact electricity.—Ed. 
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It is more convenient, however, to describe dielectric losses with 
regard to a unit volume of the dielectric rather than to the whole 
specimen. Then the formula assumes the following form: 

q=50.5ef tan dE2-1072, watt/m’ 
where f = frequency of the electric field in hertz 
E = intensity of the field in volt/m. 


tan 6, > tan b> 


Fig. 77. Depen- 
dence of power 
factor, tand, along 
and across the 
layering, upon 
the relative volu- 
mes ofore-bearing @00/ 

interlayers. af 02 03 04 O5 06 O7 08 ary 





The total dielectric loss is the sum of two components, namely, 
the losses due to the through conduction current (independent 
of the frequency), and the relaxation losses connected with the 
reorientation of dipoles and other phenomena. 

For most hard rocks the power factor tan 6 varies at a field fre- 
quency around one megahertz, between 0.002 and 0.1 (see Appendix, 
Table XXIX). Its value in minerals depends on their lattice struc- 
ture and density of packing. The more compact the packing of ions 
in the structure and the higher the symmetry of the crystals, the 
lower are the losses. Periclase and spinel, for example, have low 
values of tan 6. Any disturbance of the crystal structure by impuri- 
ties is accompanied by increase of dielectric losses. 

The presence of water of crystallization also raises the loss angle. 

Ore minerals, as a rule, have high values of tan 5. Their presence, 
together with a rise in permittivity ¢, also leads to increase of die- 
lectric loss, which is always less in single crystals than tan 6 of poly- 
crystalline rocks and minerals. , 

In stratified rocks tan 6 is greater parallel to the bedding than 
perpendicular to it. The value of tan 6 for a layered material can 
be calculated from equivalent electrical circuits connecting two 
dielectrics in parallel and in series (Fig. 77): 

&4d, tan 5, + €odo tan 52 
oe €444 + Eode 
E_d, tan 6; + e4dy tan 65 
ene €4dy+ Endy 
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The value of tan 6 of dry rock falls with increase of porosity. 
In order to find the relationship between tan 6 and P, the formula 
for tan 5 along the stratification of a layered substance is employed 
(if the porosity is through and 
open): 

1—P 


tané= €m tan Om P+em—P) 
m A— 


Wetting causes an increase 
of the power factor tand at 
low frequencies (see Appendix, 
Table XXVIII): 


&,w tan b+ &m(1—P)tan dn 
Ey + Em (L—P)+P—w 


As the frequency of the 
electric field increases, the 
value of tan 6 falls; if, how- 
ever, through conductivity is 
not significant, there will be 
an anomalous rise of tan 6 
within a definite range of 
frequencies. The largest fall Fig. 80. Temperature-frequency depen- 
in the value oftan6isencoun- dence of loss angle, tan 6, for quartz- 
tered in very wet rocks; it is porphyry. 
smaller in air-dried rocks and 
insignificant in absolutely dried specimens (Fig. 78). At frequencies 
higher than 50 megahertz the value of tan 6 is almost the same for 
most rocks and equal to 0.01. 

The value of tan 6 rises with increase of field intensity (especially 
in porous rocks at high temperatures; see Fig. 79). Rise of tempera- 
ture changes the value of tan 6 almost in the same way as it changes 
permittivity «© (Fig. 80). 

The angle of dielectric loss in crystals is connected with elastic 
stresses. With rock salt the value of tan 6 is 5.8 x 410-4 in the unstres- 
sed state, but rises to 11.7 x 10-4 when a load of 72.5 kg/cm? 
is applied. 

The relative permittivity and the power factor of rocks are deter- 
mined by various methods, depending on the frequency of the cur- 
rent with which measurements are made. At. frequencies of 25 to 
100 MHz those methods are adopted that are based on utili- 
zing circuits with lumped constants (resonance methods, bridge 
methods, etc.). At higher frequencies circuits with distributed 
constants are employed (measuring circuits, waveguides, cavity 
resonators). 


tané6= 





a a 300 400) 500 7, 


188 CHAP. V. ELECTROMAGNETIC PROPERTIES OF ROCKS 


All methods with lumped parameters are based on measuring the 
capacitance of condensers (capacitors) without a specimen and their 
capacity when filled with the rock being studied. 


4. Electrical Conductivity of Rocks 


Electrical conduction in rocks may be effected with transfer of 
matter (ionic and ionic-electronic conduction) or without transfer of 
matter (electronic and hole conduction). 

The Hall effect is an indication of electronic conduction. It con- 
sists in the following. If a specimen is brought into a transverse 
magnetic field perpendicular to the direction of current, a potential 

difference E occurs between the 


(a) (b) (c) opposite edges of the specimen: 
IB 
an ; 3 ers 
1 ' 1 where J = current in amperes 
B =magnetic induction 
Hig. 81. pevea tie representation of in weber/m? (tesla) 
the energy of conductor (a), semicon- — thi > 
ductor (b), and dielectric (c): oS thickness of the spe 
1 — valence band; 2 — conduction band; cimen in metres 
3 — forbidden band. r =the Hall constant 
in m3/k. 


The constant r is of the order of 10-1! m°/k for most substances. 
There is no Hall effect if the rock under study has ionic conducti- 
vity. All amorphous minerals, halogen compounds, nitrates, sulpha- 
tes, etc., have ionic conductivity. The electronic conductivity 
is characteristic of the oxides and sulphides of most heavy 
metals. 

All substances are divided into conductors, semiconductors and 
dielectrics according to the magnitude of their electrical conductivity. 
Quantum theory explains the various electrical conductivities of 
substances by differences in the energy schemes of their crystals 
(Fig. 84). 

Only electrons located at a sufficient distance from the atomic 
nucleus, and occurring in the conduction band, can be free carriers 
of current. For an electron to get into the conduction band an energy 
must be applied to it, the magnitude of which depends’on the width 
of so-called forbidden, band that separates the valence band of rota- 
tion of electrons from the conduction band. 

There is no forbidden band in a conductor. On acquiring additional 
kinetic energy through the action of external factors, electrons easily 
move to the conduction band and become capable of transmitting 
charges. 
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In a semiconductor the forbidden band Q has a definite width, 
which is expressed by the amount of energy required for an electron 
to be brought into the conduction band; the value of Q varies bet- 
ween 1.6 x 10-29 and 2 x 107? joule (see Appendix, Table XXX). 
Electrons are brought into the conduction band, whenever, by any 
effect, the value of Q is exceeded. 

In dielectrics the forbidden band has a width that generally exceeds 
the energy required to pull out an ion from a lattice point (up to 
13 x 107! J and more). So the conductivity of metals and semi- 
conductors is electronic while that of dielectrics is ionic. 

The impurities of atoms in a metal always reduce its electrical 
conductivity. This phenomenon is explained by distortion of the 
crystal lattice of the basic metal with consequent dispersion of ele- 
ctron waves and reduction of their effective mobility. 

Any impurity increases the electrical conductivity of dielectrics, 
since the distortion of the crystal lattice makes the pulling out 
of ions easier. 

Semiconductors with impurities also have increased electric con- 
ductivity. In this case there is an increase in the concentration 
of electrons, carriers of current. 

Rise of temperature reduces the electrical conductivity of condu- 
ctors, since the intensified thermal vibration of lattice ions slows 
down the movement of electrons. In dielectrics the reverse occurs: 
the mobility of ions is increased with rise of temperature, their 
kinetic energy is raised, and the pulling out of the ions from the lat- 
tice becomes easier, so that electrical conductivity is increased. 

The relationship between electrical conductivity and temperature 
in a pure dielectric is given by the formula: 


sae, 
Cee Ger ht 
where €)= certain constant expressed in 4/ohm-m 
Q = width of the forbidden band in joules 
k = Boltzmann’s constant (4.38 x 10-23 joule-°C-1) 
T = absolute temperature in °K. 

Rise of temperature leads to increase of the concentration of ele- 
ctrons in semiconductors and consequently to a rise in the electrical 
conductivity of rocks. 

The dependence of electrical conductivity of semiconductors 
on temperature is given by the formula: 


_ 2 

t=te ear 
The transfer of electrons to the conduction band may be caused 
not only by stress but also by any other energy effect, for example, 
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light. The light quantum Af exciting the electron in the valence 
band may compel it to cross the forbidden band on condition that. 
Q<hf. 

Thus there are two features distinguishing semiconductors from 
conductors. The first is a formal one: the electrical conductivity 
of conductors is considerably higher than that of semiconductors, 
1 


the minimum limit being conductivity of the order of er 
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Fig. 82. Temperature depen- Fig. 83. Variation curves for elect- 

dence of electrical _resisti- rical resistivity of some minerals: 

vity of semiconductor (1) 1 — bornite; 2 — galena; 3 — pyrite. 
and conductor (2). 


= 


The second feature is the increase of electrical conductivity in semi- 
conductors with rising temperature (the temperature coefficient 
is positive), and fall in conductors (the temperature coefficient 
is negative) (Fig. 82). 

It follows from both these features that almost all rocks and 
minerals should be treated as semiconductors with differing ele- 
ctrical conductivities (see Appendix, Table X XVII). 

The capacity of rocks to conduct current is characterized either 
by their volume conductivity ¢ or volume resistivity p. 

Dependence of Conductivity on Internal Factors. The most impor- 
tant rock-forming minerals (mica, halite, sylvite, calcite, feldspars, 
quartz) have low conductivity (9 = 10! to 102° ohm-m). 

In fact their almost entire electrical conductivity is due to impu- 
rity ions and electrons, and to the presence of a very. few free elec- 
trons. Conductivity due to the presence of impurities is significant in 
other minerals too, as impurity ions and electrons appear to be 
rather loosely bound in the crystal lattice. So the volume resisti- 
vity of minerals is not strictly a constant quantity and has a wide 
range of variation (Fig. 83). 
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The resistivity of dense, slightly porous rocks depends on the 
resistivities of their constituent minerals, and their volume content 
and mutual distribution. Other conditions being equal, the resisti- 


vity of rock therefore is inversely pro- 


portional to its content of well-conduc- . 


ting minerals (Fig. 84). 

If there are ore minerals in rock in 
the form of veinlets, - interconnecting 
conductive grains, and their aggregations, 
even an insignificant amount raises the 
value of € sharply. Pyrite, chalcopyrite, 
pyrrhotite characteristically occur as 
bands, unlike galena which usually 
occurs as isolated inclusions. 

Studies of rocks containing inclusions 





of various shape (spherical, ellipsoidal, 7 

acicular, disc-shaped, cubic, etc.) have a at 40 80 Fe, 
shown that their shape has a strong Fig. 84. A typical graph 
effect on the electrical conductivity of Showing the relationship 


rocks, electrical conductivity and the 
shape of inclusions being linked with 


between the electrical resis- 
tivity of rocks and their iron 
content (after F. Birch). 


the presence or absence of through 

current-conducting channels. In the first case a sharp rise of the value 

of & will be noticed; in the second it will be considerably less. 
The range of variation of ¢ with change of the shape of conduct- 

ing inclusions may be described by equations derived for the electri- 

cal conductivity of layered rock along and across the bedding: 


G=(ZVi+V2)& or Gi= OM 


i=1 

a 4 ae 

ve SL or —= + 

FLVetMs Pi ea 
If Co>,, then zt x0, and the formulas assume the following 

forms: 
Cy = Vote 
G1 Gt 





The first of these equations shows the effect of vein-like conducting 
inclusions connected in a chain (or of a conducting matrix) on ele- 
ctrical conductivity, while the second refers to isolated conducting 
inclusions (Fig. 85). 


192 CHAP, V. ELECTROMAGNETIC PROPERTIES OF ROCKS 





(a) 
&, l/ohm-m 










0 10 20 30 40 50 60 70 80 IOV.% 


(6) 
&, Yohm-m 





\_| 


2 
See) 
EA day 


fe 8 


CCC 
es 
le 
me 


20 40 60 80 N% 

Fig. 85. Relationship between the electrical conductivity of rocks and the 
percentage content of ore minerals: 

a — theoretical curves; b — experimental graph; 1 — continuous vein-like inclusions; 2 — 

isolated inclusions, The electrical conductivity of veinlets and inclusions § = 10° 
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The volume resistivity of fine-grained rocksis much lower than 
that of single crystals as a result of impurity conduction and distor- 
tion of the crystal lattice in polycrystalline aggregates. 

Electrical conductivity is always greater parallel to the bedding 
than perpendicular to it (see Appendix, Table XX XI). The coeffi- 
cient of anisotropy is maximum when the thickness of bands is the 
same and the difference in the conductivity of the constituent layers 
is maximum. Cementation considerably raises the resistivity 
of rocks, as the cementing materials are usually minerals with 
poor conductivity, viz., quartz, gypsum, calcite, etc. 

The metamorphism of coals reduces the resistivity. A particularly 
sharp fall is seen when carbon content exceeds 87 per cent. With 
an increase in ash content the resistivity of coals increases. 

Weathering and porosity, if not accompanied by wetting, also 
increase the resistivity of rocks. 

The conductivity of loose incoherent rocks in a dry state is deter- 
mined mainly by the conductivity of the grain contacts. The rela- 
tionship between the electrical conductivity of dry rock and poro- 
sity can be roughly expressed by the following formula (pores taken 
as spherical and not interconnected): 


2(1—P) 
c= on ~2+P_ 


where €,, is the conductivity of the mineral skeleton. 

The shape and orientation of pores and fractures is also a factor 
affecting the resistivity of rock. The resistivity of sands, friable 
sandstones, weathered bedrocks, clays, and clastic rocks bears 
no relation to the shape of the pore space; but in dense sandstones, 
limestones, dolomites, anhydrites, etc., where the pore space 
is either a void or takes the form of channels or fractures, resistivity 
depends to a large extent on its shape. 

Dependence of Conductivity on External Factors. The change 
in the electrical conductivity of rocks with water saturation depends, 
above all, on their porosity, and reaches several orders of magnitude 
(see Appendix, Table XXVIII). It is usually found that the condu- 
ctivity of rocks that are good conductors in a dry state varies but 
only slightly with water saturation even when the porosity is quite 
high, whereas the range of variation in rocks that are poor conductors 
is very wide (Fig. 86). Here the difference in the conductivities 
of water and mineral skeleton is responsible. 

The resistivity of formation water depends on its degree of mine- 
ralization and the composition of the dissolved salts. Sands satura- 
ted with fresh water have a resistivity of 10 to 30 ohm-m and higher, 
while in sands saturated with mineralized water resistivity is redu- 
ced to 1 to 0.1 ohm-m. 


13-438 
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The main rise in conductivity with water saturation occurs at the 
beginning of wetting. Further moisture does not raise the value 
of ¢ much. For example, wetting of an absolutely dry sandstone 
by 0.3 to 0.5 per cent reduces its resistivity by several orders of mag- 
nitude. The fact is that the main role in the conductivity of rocks 
is played by the current-conducting channels 
developed as a result of the wetting of open 
pores. Whereas the conductivity of porous 
moisture-free rocks is determined mainly by 
the value of ¢ of the mineral skeleton (as the 
value of ¢ for air is zero), the first additions 
of moisture lead to the wetting of channels 
and the conductivity here can only be deter- 
mined by the conductivity of the liquid. 

109 For a more exact determination of the depen- 
dence of € on moisture content, with the con- 
ductivity of the mineral skeleton taken into 
account, the following formula (derived for 

08 the rock consisting of layers of minerals and 
water) should be used: 


C=Gw + Em (1 —P) 


At the very beginning of wetting a jump in 


Q,ohm-cm 


70” 


107 the £—m dependence is observed. For dry rock 
2(4—P 
C=bm ee 

108 For wetted rock, even if w ~ 0, 

0 G2 04 06 W, % ag =n(1— P) 
Fig. 86. The effect of Here 
moisture content upon ; 
the resistivity of ba- C>e 


alts Since the resistivity of oil is much higher 


than that of water, the value of o is usually 
raised when a rock is saturated with petroleum. The determining 
factor here is generally the conductivity of the mineral skeleton. 

The relaxation processes that result from the slow types of pola- 
rization (orientation and interfacial) give rise to an absorption cur- 
rent in rocks directed oppositely to the direction of the external 
field. 

Since increase of field frequency reduces the occurrence of slow 
types of polarization, a certain rise in total current passing through 
a specimen is observed. In addition, many other processes of dissi- 
pation of energy take place as frequency rises; as a result one finds 
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in practice that the conductivity of rocks varies with increasing field 
frequency, and in general the relationship between the two is linear. 

The maximum variation of conductivity is met in rocks with 
high initial resistivities. In ores and wet rocks the frequency disper- 
sion of conductivity is less significant since conduction current pre- 
dominates in them, which does not depend on field frequency 


&, t/ohm-cm 


o, t/ohm-cm 
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Fig. 87. Relationship between the Fig. 88. Dependence of the electrical 
electrical conductivity of syenite conductivity of epidosite upon tempe- 


and electric field frequency: rature. 


1— dried specimen; 2— wet specimen; 
8 — annealed specimen. 





8 


(Fig. 87). High frequency causes skin effect in rocks, i.e., non-uniform 
distribution of current over the cross section of the rock. As a result 
of electromagnetic interactions current density falls exponentially 
from the surface of a conductor toward its middle. The higher the 
conductivity of a rock and the field frequency, the more pronounced 
is the skin effect in it. 

The effect of temperature on resistivity is governed by the laws 
of the quantum theory of conductivity. With increase of temperature 
the resistivity of rocks falls and in pure minerals and compact dry 
rocks an exponential dependence is observed (Fig. 88). When tem- 
perature rises to 600°C, the conductivity of rocks ¢ increases within 
very wide limits, from 20 to 10° times. 

At low temperatures, when the principal ions of the lattice 
in rocks and minerals are still almost undissociated, impurity ions 
play a significant part in the current. At higher temperatures impuri- 
ty conduction plays a smaller role. Conductivity therefore shows 
a larger scatter at low temperatures than at higher ones (when 
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it is much less) and the curve of ¢-T dependence has a point of infle- 


xion (Fig. 89). 


4 


The greatest rise in conductivity with temperature is met in rocks 
with low initial electrical conductivity; the lowest is obser- 


Int, 1/ohm-cm 


Fig. 89. Typical graph showing the tem- 
perature dependence of electrical conduc- 


tivity for semiconductors: 


1 — zone bee urity conduction; 2 — zone 


of intrinsic conduction. 





ved in ore-bearing forma- 
tions. 

In this respect the properties 
of conductors and semicondu- 
ctors resemble one another. 
In certain semiconducting mi- 
nerals with high conductivity 
(e.g., pyrrhotite) it has been 
found that there is no rela- 
tionship in general between 
conductivity and temperature 
over a wide temperature range. 

In high-temperature condi- 
tions the rise of conductivity 
with frequency is found to be 
slower. At temperatures around 
600°C, for example, the con- 
ductivity of tremolite-wollas- 


tonite skarn is only 12 times higher (with change of f from 
5 x 10° to 10’ hertz); at 200°C the rise is about 50 times (Fig. 90). 


¢, t/ohm-cm — 





Fig. 90. Frequency-temperature dependence of ¢ for tremolite-wollastonite skarn. 


At 300°C the volume conductivity of fused quartz does not practi- 
cally depend on frequency. This phenomenon is also related to the 
fact that the main role at high temperatures is played by conduc- 
tion currents, which are independent of frequency. 
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Rise of the temperature of wet porous rock causes alteration 
in its phases, so that the exponential relationship between its resisti- 
vity and temperature is distorted (see Fig. 88). Most frequently 
a rise of temperature to 200°C leads to a certain reduction of condu- 
ctivity; only at higher temperatures does it begin to rise. 

The data from testing coals (brown, fat, and gas) and shales show 
that when their temperature is raised to between 50° and 100°C, 
the resistivity of a specimen falls 
sharply, but when it is raised to 
200°C, resistivity increases. Subse- 
quent heating to 800°C is characte- 
tized by the greatest linear fall of 
resistivity, with the resistivity of 
coal falling from 107-10! to 0.10 
ohm-m. This is explained by the 
dependence of resistivity on the 
water content in a rock up to 100°C, 
and by the fact that. the resistivity 
of water falls with rise of tempera- 
ture. The resistivity of formation 
water falls by approximately 2 per 
cent per degree rise of temperature. 
A further rise of temperature dries 
a specimen, which leads to a fall 
in conductivity. After all the moi- 
sture is removed from a specimen, 
the value of p varies with tempera- 10 
ture in accordance with the theory TC 16-12-84 
of semiconductors. Fig. 91. Dependence of the elect- 

The effect of minus tempera-_ rical resistivity of frozen loams 
tures on the resistivity of rocks is Bpon tem perature: 
seen as soon as temperature is : 
brought below 0°C, especially so in loose and fractured rocks (Fig. 91). 
Thus when the temperature of wet sand is brought down from +0.5 
to —0.5°C, its resistivity is greatly increased, owing to the fact 
that the resistivity of ice is three times that even of pure water. 

The electrical resistivity of hard rocks at temperatures below 
0°C also depends on the coarseness of their grains. Other conditions 
being the same, fine-grained rocks, especially if they contain col- 
loidal particles, have a lower resistivity than coarse-grained ones. 

The effect of pressure on electrical resistivity is not always the 
same and depends both on the presence of different phases in the 
rock and on their state. A rise is usually observed on application 
of load (Fig. 92), but other effects are quite often possible. Thus, 
for example, there is a sharp fall of conductivity in augite-bearing 
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porphyrites under confining pressures between 1,000 and 2,000 atmo- 
spheres and then there is a rise. In most rocks, independently of their 
percentage content of moisture, intensive changes in resistivity 
(by 17 to 92 per cent) have been observed on increasing the axial 
mechanical pressure from 100 to 600 kg/cm?; at higher pressures, 
the variation of resistivity is insignificant. 
The drop in resistivity is explained by the fall in porosity of the 
rocks. Moreover, when moisture content is not high, all pores are 
(a) not normally filled with water. 
pt0’§ ohm-om Under pressure water-filled pores 


become connected, forming cur- 






rent-conducting channels, which 
leads to a lowering of resistivity; 
as a result, resistivity is found to 
fall considerably with pressure in 
partially saturated rocks. 


(6) 
p10, 8 ohm-em 
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Fig. 92. Relationship between resistivity and uniaxial pressure: 
a — for basalt; b — for sandstone; 1 — application of load; 2 — removal of load. 


The resistivity curve has the same form both when loads are remo- 
ved and when they are applied; but hysteresis occurs. The resistivity 
of a specimen is usually less when loads are removed than when they 
are applied. The occurrence of hysteresis is related to the mechanical 
disturbance of the rock’s structure under the action of load. Weaker, 
porous rocks (e.g., sandstones, shales, etc.), therefore, have a cha- 
racteristically large hysteresis loop. In hard rocks (e.g., in basalts) 
the loop is small. 

The resistivity of some clays increases, when pressure is raised 
to 1,000 atmospheres, since moisture is squeezed out from them 
and the cross section of water-filled pore channels is reduced. 

Determination of Volume Resistivity. To determine the resisti- 
vity of solid conductors, the cross-sectional area S, length J, and 
total resistance R must be known: 
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Total resistance R is either found directly from the readings of 
special instruments (ohmmeters) or calculated from the voltage U 
and the intensity of current passing through a specimen: 


R= a , ohms 

The conductivity o fpoorly conducting rocks is studied in an exact- 
ly similar way, but certain difficulties are met that diminish the 
accuracy of measurements. 

Special electronic instruments (megohmmeters and terrameters) 
are used to measure high resistivities that amplify the small currents 
passing through a specimen. Specimens are made in the form of discs 
or rectangular plates of large area and small thickness (to reduce 
the value of 2). Since great inaccuracy is caused by imperfect contact 
between rock and electrodes, electrodes made of fluid conductors, 
like mercury, that do not'penetrate the pore space of rock, are 
to be preferred. It is common practice to cover the rock surface 
with a conducting material by pressing copper electrodes, or 
by fusing or spraying metallic films onto the rock under vacuum. 

The conductivity of rocks is affected by various factors and 
it is consequently not always possible to determine it in the same 
way. Even in minerals the range of variation of resistivity is so wide 
that it is only possible to determine the order of this index. 

Conductivity is increased by the impurities present in crystals 
only at low temperatures, so that at high temperatures the con- 
ductivity of mixtures of different minerals always approaches that 
of a single crystal of the main constituent. 

Natural Electric Fields. It has been established by measurement 
that there are natural electric currents in rock masses. Telluric 
and local currents are distinguished according to how they develop. 
Telluric currents are caused by variations in, and disturbances 
of, the Earth’s magnetic field, and occupy a vast expanse of the 
lithosphere. 

Local fields are developed mainly through the occurrence of oxi- 
dation-reduction, diffusion-adsorption, and filtration processes 
in rocks. They may also be caused by thermo-electrical and biolo- 
gical phenomena, the mutual friction of separate rock masses during 
mountain-building, displacements, etc. 

Oxidation-reduction (or redox) processes develop in definite 
hydro-chemical conditions at the contact between rocks possessing 
electronic and ionic conductivities. Since sulphide ores, anthracites, 
and graphite have electronic conductivity, redox processes are typi- 
cal of them. 

Diffusion-adsorption processes are associated with the development 
of diffusion potentials.. A potential difference is created between 


200 CHAP. V. ELECTROMAGNETIC PROPERTIES OF ROCKS 


solutions of different concentrations. Its magnitude depends on the 
ratio of the concentrations of contacting solutions and on the diffe- 
rence in mobility of anions and cations (the greater the ratio of the 
concentrations and the difference in mobility, the higher the poten- 
tial difference). A diffusion-adsorption current usually develops 
‘ the interface between water-saturated layers of sand and 
clay. 

Filtration fields are related to the emission of electric charges 
generated at the interface between solid and liquid phases during 
the movement of liquid in rocks. They accompany all underground 
water flows. 

Thus local fields exist over limited areas and are usually formed 
in deposits of sulphide, cobalt, and nickel ores, anthracites, graphite, 
peat bogs, coaly and graphitized shales. 

The anomalies of the electric fields caused by local: currents are 
of the order of several hundreds of millivolts. Ores with a massive 
structure and high conductivity are the most conducive to the 
development of intensive electric fields. Disseminated ores with 
low conductivity give rise to weak fields. 


5. Magnetic Properties of Rocks 


In studying magnetic properties one meets many laws similar 
to those operating in an electric field, and like an electric field, 
a magnetic field is characterized by two indices, intensity and induc- 
tion. 

The intensity of a magnetic field or magnetic field strength H 
(amp/m)* determines the magnitude and direction of the operative 
magnetic forces. 

The other index used to describe a magnetic field is known 
as magnetic induction (B), a vectorial quantity characterizing the 
intensity of a magnetic field. Magnetic induction has no flow and 
no source; its lines of force are always continuous and form closed 
loops. Its magnitude may be regarded as the density of magnetic 
flux. 

Magnetic induction B and magnetic field intensity H are directly 
proportional: 


B=wp.H, tesla 


* The standard unit of field intensity is the oersted, although much of the 
geophysical literature uses the numerically equivalent gauss. The oersted, 
however, is too large a unit for practical use in prospecting. The gamma, defined 
as 10-5 oersted, has therefore become the most commonly used unit of field 
intensity for geophysical work.—Ed. 
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where p, is a coefficient indicating the change of intensity of a mag- 
netic field when some substance is introduced into it. It is known 
as the absolute permeability. 


In a vacuum pg = py = 4n-10-? henry/m. The ratio * if = is called 


the relative permeability of a substance (). 

Just as the variation in an electric field when a rock is introduced 
into it is related to the polarization of the rock, so changes in a mag- 
netic field are connected with the magnetization of the rock. 

The magnetization (i.e., magnetic polarization) is induced by the 
elementary magnetic dipoles present in rock or formed in it under 
the effect of an external field. Magnetic dipoles are created by the 
elementary currents present in the atoms and molecules of rock. 
Every elementary current can be considered a planar magnetic 
dipole differing in polarity on each side. 

The product of an elementary current i and the area of magnetic 
dipole AS is known as the magrietic moment. 

If a rock is subjected to the action of a magnetic field, then, 
as aresult of the interaction of the field and the elementary currents, 
forces are developed that tend to orient the magnetic dipoles in the 
direction of the inducing field. The rock acquires the resultant 
magnetic moment, i.e., becomes magnetized. 

The intensity of magnetization (magnetic polarization) of rock 
I is evaluated by the limit ofthe ratio of the sum of the magnetic 
moments in a certain volume to the magnitude of that volume (the . 
latter being considered infinitely small): 


S 
» weber/m? 





The intensity of magnetization is proportional to the magnetic 
field intensity of a rock: 


T=x-H 


At the same time the magnetic induction of the magnetized rock 
will be 


B=u(H+1) 
Solving the two equations together, we obtain 
B=pH (1+ %) 


i.e., 


1+x=p 
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The expression x = (u — 1) = 4 is known as the volume mag- 


netic susceptibility, and the ratio of susceptibility to the density 
of rock + is known as its specific magnetic susceptibility y. 

The resultant magnetic moment of a rock is the sum of the mag- 
netic moments of its elementary particles (electrons, neutrons, etc.), 
atoms, and domains. The magnetic moment of an electron is con- 
stant, and equals 11.6 x 10-°° weber-m. The magnetic moment 
of the atoms and molecules of rock in the absence of an external 
magnetic field may be equal to or different from zero. 

If the magnetic moment of atoms is zero when H = 0, the rock 
is called diamagnetic. In diamagnetic materials the electron shells 
of atoms are symmetrical and closed. When such an atom is brought 
into a magnetic field, its electron orbit acquires additional velocity 
and the atom acquires a magnetic moment directed opposite to the 
field. The magnitude of diamagnetism is determined by the radii 
of atomic orbits and in most cases does not depend on temperature. 

The permeability of diamagnetic materials is less than unity. 
Therefore, when they are placed in a magnetic field, they reduce 
the density of the magnetic flux (i.e., its induction). 

Rocks, in which the atoms have magnetic moment in the absence 
of an external field, are described as paramagnetic. On the whole, 
however, a specimen of a paramagnetic material is not magnetized 
in the absence of a field because of the random distribution of the 
magnetic moments of its individual atoms; but as soon as it is 
brought into a magnetic field, its dipoles become oriented in the dire- 
ction of the field with the result that it becomes magnetized. Since 
the thermal motion of atoms hampers this orientation, the permea- 
bility of paramagnetic materials falls with rise of temperature. On 
the whole their permeability is slightly higher than unity. 

The permeability of diamagnetic and paramagnetic materials 
does not depend on the intensity of a magnetic field so long as its 
change is within 10 ergs. 

It should be emphasized that all rocks and minerals can undergo 
diamagnetic magnetization; but as it is small in magnitude and 
opposite in direction to the paramagnetic magnetization, the latter 
predominates in strongly paramagnetic substances and becomes 
decisive. 

Rocks that have a magnetic moment in their entire volume 
(or domain) even in the absence of an external field are called fer- 
romagnetic. Because of domains their magnetic permeability is con- 
siderably higher than that of paramagnetic rocks. Ferromagnetic 
substances are magnetized not only by external fields but also by the 
additional magnetizing effect of their internal molecular field. 
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When magnetism is compared with electrical phenomena, dia- 
magnetism can be identified with electronic and atomic polarization, 
paramagnetism with orientation polarization, and ferromagnetism 
with ferroelectricity. The magnetization of ferromagnetic materials 
depends on the intensity of the magnetic field; but at a definite 
value of H this relationship no longer holds because of saturation. 
When the intensity of the magnetic field is brought down to zero, 
a rock is not fully demagnetized, but has what is known as remanent 
magnetization. In order to demagnetize a rock it is necessary to apply 
an opposite magnetic field. The magnitude of this field characterizes 
the rock and is called the coercive force. When the progress of magne- 
tization and demagnetization is plotted on a graph, a hysteresis 
loop is obtained that is characteristic of ferromagnetic substances. 

With the rise of temperature there is an increase in the mobility 
of the constituent atoms of a domain. At a definite temperature, 
known as the Curie point, domains suffer total loss of magnetic 
moments, and ferromagnetic substances are changed to paramagne- 
tic ones. 

In a number of minerals that possess permeability of the same 
order as paramagnetic substances, an anomalous and abrupt rise 
in the values of p is noticed at definite temperatures. These minerals 
are classed as antiferromagnetic, and are characterized by the pre- 
sence of antiparallelly oriented, mutually compensating magnetic 
dipoles in the lattice (of sub-lattices). At the temperature of phase 
transformation there is a reversal of sub-lattices accompanied 
by a sharp bump of magnetic permeability. Pyrolusite, alabandite, 
a-hematite, siderite, and other minerals are antiferromagnetic; 
but most minerals are diamagnetic or paramagnetic. 

The permeability of diamagnetic minerals varies between 0.999836 
and unity, and of paramagnetic minerals between unity and 1.0064. 
There are considerably fewer ferromagnetic minerals in nature; 
their permeability exceeds 1.0064 (see Appendix, Table XXXII). 

As the differences in magnetic permeability of rocks are not large, 
it is therefore often more convenient to use the parameter of magnetic 
susceptibility * which can be written in a reduced form as A-10-® 
(see Appendix, Table XX XIII). 

Diamagnetic and paramagnetic rocks, in which p ~ 1, are 
of no special interest in problems of rock magnetodynamics, but 
ferromagnetic rocks are most important. Their properties are gover- 
ned by their content of ferromagnetic minerals, mainly magnetite; 
a proportionality is therefore quite often observed between the 
ie as of magnetite in rocks and their magnetic susceptibility 

ig. 93). 

The permeability of a rock consisting of a matrix of permeability 
pj, and spherical inclusions with permeability p, can be calculated 
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from the formula: 
u — He (1 +2V0) + 2p4 (1 —Vo) 
av pe (1—Vo) + ps (2-+-V 9) 


where Vy is the volume occupied by spherical inclusions (as a frac- 
tion of the total volume of rock). 

The magnetic properties of rocks are influenced by the shape, size, 
and mutual arrangement of grains, as well as by their content of 
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Fig. 93. Relationship between Fig. 94. Temperature 
the magnetic susceptibility of dependence of specific 
Southern Ural magnetic ores magnetic susceptibi- 
and their magnetite content. lity for ferromagnetic 


rocks. 


ferromagnetic minerals. The susceptibility of coarse-grained ferro- 
magnetic materials, for example, isgreater than that of fine-grained 
ones, owing to the fact that the number of domains in grains increases 
with grain size. 

The permeability of rocks also depends on the magnitude of the 
magnetizing field, rising gradually with increase of H to a definite 
maximum and then falling off. 

Ferromagnetic rocks have the reversible and irreversible curves 
of the » = f (7) dependence (Fig. 94). Irreversible curves are seen 
in magnetically unstable rocks (for example, in titano-magnetite 
ores). 

The Curie temperature of rocks depends on their constitution and 
mineral composition. When a rock is composed of various ferro- 
magnetic minerals, it may have several Curie points corresponding 
to the several minerals. 
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With increase of uniaxial pressure, magnetic permeability 
is usually reduced in the direction parallel to compression. In the 
direction perpendicular to the compression, there is at first a steep 
rise of the value of » with no more change on further compression. 
(Fig OH) permeability falls with the increase of field frequency 

ig. : 

In alternating magnetic fields there is a loss of magnetic energy, 
which is evaluated by the loss factor. 
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02 19° 10* 1° 10° 107 10° fips 


Fig. 95. Frequency dependence of the magnetic permeability of. two ferrites. 


Some ferromagnetic substances have clearly pronounced magne- 
tostrictive properties that are very similar to the piezoelectric effect. 
When such rocks are magnetized, they may be lengthened or shor- 
tened. 

The measurement of permeability is based on pondermotive 
effect, i.e., on recording the force acting on a specimen in a non-uni- 
form magnetic field of known gradient. This force is proportional 
to the permeability of the specimen. 

In addition to the electric fields, there are natural magnetic fields 
in the Earth. The Earth, as a whole, has a strong magnetic field, 
but in addition there are local magnetic anomalies caused by natu- 
rally magnetized deposits of ferromagnetic minerals (usually iron 
ores). A classical example is the Kursk Magnetic Anomaly. 


6. Propagation of Electromagnetic Waves 
in Rocks 


An electromagnetic field is a special form of matter characterized 
by the presence of both electric and magnetic fields, which are rela- 
ted to each other by continuous mutual transformation. As we know, 
an electric field can be excited not only directly by electric charges 
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but also by fluctuations of the field in time. In exactly the 
same way a magnetic field can be induced both by electric cur- 
rent and by variations of the electric field. 

The mutual relation between the electric and magnetic fields 
is expressed by Mazwell’s equations. 

Maxwell’s first equation is the generalized law of magneto-electrical 
.induction, i.e., the process by which a rotational magnetic field 
develops at the cost of variations of the electric field: 


rot H =P 47 


where rot H = space derivative of the intensity of magnetic field 
(rotor) equal to the vectorial product of the for- 


mal vector V and the intensity of the magnetic 


field H—IVH], 
Zor Yor 2 
= fi) a a 
[VH]= On? Oy? oz 
H,, Hy, H, 


ww 


“ 2 ='vector of density of the displacement current 
j = vector of the conduction current density. 

The equation shows that in the absence of magnetic field (H = 0) 
there are neither displacement nor conduction currents. The pre- 
sence of current always gives rise to a magnetic field. 

Mazwell’s second equation is the generalized law of electromagnetic 
induction, i.e., the process of transformation of a magnetic field 
into an electric one: 

oB 


rot E = aah 


When electric fields are absent (HE = 0), there is no magnetic 
induction B; but any variation of magnetic induction leads to the 
development of an electric field. 

For a complete description of an electromagnetic field a third and 
a fourth equation are used. The third equation is the equation of exi- 
stence of electric charges, which states that the flux of electrical indu- 
ction across a closed surface is equal to the charge contained 
within it: 

divD=n 
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where div D=scalar product of the formal vector VY and the vector 
of electrical induction D, 


oD 4 a a aD, 
02 


n= volume ee of i 


WD= 











= lim 
as Jim sy AV 
Aq = charge contained in an elementary volume AV. 
This equation shows that when there is no charge inside some 
volume, the number of entering lines of electrical induction 
at D -=«0 is the same as the number leaving. 
The fourth equation is the equation of continuous magnetic lines 


divB=0 


which signifies that there are no magnetic charges in nature. 

In the equations of electromagnetic fields constancy of the elec- 
trical properties of the substance in which the field is. propagated 
is taken for granted. In a general case all parameters ‘of electro- 
magnetic fields are related to the electrical and magnetic Properties 


of the substance: Mie. 
B= ppoH . 
D = 88) 
j=CE 


All these equations form a system of differential equations for 
electromagnetic fields. 

An electromagnetic field developed in one part of space spreads 
out in all directions with a velocity that depends on the properties 
of the medium. 

Employing these formulas, and cancelling the vector H in Max- 
well’s equations, the equation of electric field intensity for a die- 
lectric (j. = 0) takes the mee form: 


OE 
V2E = & apg ne Lae YN Pa* Wt 


Cancelling the vector E, we accordingly obtain the equation of 
magnetic field intensity 


7 eH oH 
Vill = Cabha apg Hae 
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When the change of intensities is harmonious with time, the 
equations can be written in a complex form: 


VE = (if — weq) OUaE 


Vo = (if — we) OUgHl 


where w = 2nf. 

As most rocks are dielectric, conduction currents in them are 
small compared with displacement currents. Therefore the quantity 
i¢ may be ignored in the formulas. The equations then acquire 
a simpler form: 


VE = — egal 

Vi _ — wegpgH 
In a more conducting medium displacement currents are insigni- 
ficant. Therefore those parts of the equations that express the rela- 


tionship between intensity and displacement currents are not taken 
into account. The equations then acquire the following formz 


VE = opaitE 
Vt _ OpaitH 


These equations are typical wave equations, describing the pro- 
pagation of electromagnetic waves in matter. According to them 
the rate of propagation of an electromagnetic wave v in vacuum 
is constant and equals 





= = vy = 2.998 x 108, m/sec 


In real dielectrics, in which permittivity and permeability are 
not unity, the rate of wave propagation is reduced: 


i V= Fala “Ve 


Loss of electromagnetic energy occurs in real dielectrics. 
The reduction of intensity of electromagnetic waves is exponen: 
tially related to distance: 








J = Jye—** 


where @ is an absorption coefficient depending on the properties 
of rock and the electromagnetic field frequency. 
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In dielectrics 


v= V8 [1+ (Gag) — tm 


From this expression it follows that the relationship between the 
absorption coefficient and frequency can be taken as approximately 
linear. This relationship, however, is seldom maintained in rocks. 
The rise in the value of 0 with frequency is sometimes seen only 
up to a definite value of f. In conducting rocks the absorption coeffi- 
cient is considerably higher: 


6 aif ate, 4/m 


The velocity of electromagnetic waves in good dielectrics in pra- 
ctice does not depend on the field frequency (when there is no varia- 
tion of & with frequency), and in semiconductors it is observed that 
the rise of v is directly proportional to Vf: 





pay ek , m/sec 
Ba 

Thus the process of propagation of electromagnetics waves depends 
both on the electrical and magnetic properties of rocks and on the 
frequency of the field itself. 

An increase of permittivity, permeability, and conductivity 
in rock intensifies the absorption of electromagnetic waves and 
reduces the rate of propagation. Thus, in dry sand with a very high 
resistivity the amplitude of an electromagnetic field with a frequency 
of 50 kHz at a depth of 10 metres is reduced by 4.5 per cent and 
at a depth of 100 metres by 36.6 per cent; in well-conducting clays 
the loss of amplitude is 37.3 and 99.1 per cent, respectively. In ore 
bodies waves are attenuated even more quickly. 

The index of depth of penetration of electromagnetic waves h has 
practical importance. It is the distance at which 86.5 per cent of the 
electromagnetic energy is lost in rock, i.e., when the amplitude 
of a wave is reduced e times. For a dielectric 


_ 9.55 x 107 
f Vuetand ’ 


If the rock has good conductivity, then, owing to skin effect, 


re P —50.34/ £ 

K V wa pf’ a 
in which h’ < h. 

14—438 
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The effect of external fields on the propagation of electromagnetic 
waves in rocks depends on how their electrical and magnetic pro- 
perties change in such circumstances. Since most rocks are not 
magnetic, the decisive effect is that of p and ¢. The wetting of rocks 
therefore always reduces the velocity and depth of propagation 
of waves. An increase of temperature raises electrical conductivity 
and permittivity and consequently reduces the depth of penetration 
of an electromagnetic wave. When it is taken into account that the 
process of wave propagation in rock is linked with heating (due 
to absorption), the result of very strong radiation will be a gradual 
falling off of the depth of penetration of electromagnetic energy 
and its concentration in a certain volume of rock. This phenomenon 
finds application in processes for breaking rocks by radio waves. 

When an electromagnetic wave passes from one medium into 
another, it is partly reflected and partly refracted. The relation 
between the magnitudes of incident, reflected and transmitted waves 
is determined by the wave impedances of the media. 

The wave impedance of an infinite medium, in the simplest case, is 


Z=Z, y& , ohms 


where Zo, the wave (or acoustic) impedance of vacuum, is 


Z=V +2 =120n, ohms 


The field strength coefficient e reflection and refractive index can be 
calculated by means of the following formulas (for normal incidence 
of waves and equal magnetic permeabilities of the media): 


It — Er _ 22-41 Ver— Vex 
SUE, 2.42, Ve, + Veg 


_ Es 1 2 Ver 
Mee Depa ee ae 


When a wave passes from a medium with wave (acoustic) imped- 
ance Z, into another with wave impedance Z,, the folloWing cases 
are possible: 

(a) when Z, = Z,, there is no reflection of the wave; this is the 
condition of coordination of loads, which is of great importance in 
practice; 

(b) when Z, > oo, and Z, — 0, which corresponds to the passage 
of a wave from a dielectric into a conductor, there is practically 
total reflection of the incident wave; 

(c) when Z, >> Zz,, there is both reflection and refraction of the 
wave. The field strength coefficient of reflection and refractive 
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index can be calculated in a general form by the following formulas: 
Z3 cos 8 —Zj cos p 
Z3, cos 6-+ Z; cos p 
2Z; cos 6 
Z3 cos 6+ Zj cos p 


kts = 
Us = 


where Zi = w) €ouoep = so-called wave number of rocks 
6 and p = angles of incidence and refraction of the 
electromagnetic wave, respectively. 

According to the laws of geometrical optics the refractive index 
ny can be calculated as the ratio of the velocities v, and v, in two 
media, i.e., 

Ny = — =] ait, 
1 2be 

In the case of weak absorption of the electromagnetic wave by 
the absorbing medium the relation between ky, and n, is described. 
by the following formula: 

np—1 
keg cai np+1 

Optical Properties of Rocks. The indices characterizing the beha- 
viour of rock under the action of electromagnetic waves of optical 
range (101% to 10! Hz), i.e., infrared, ordinary light, and ultraviolet 
rays, are treated as optical properties. They are the reflection coeffi- 
cient, refractive index and absorption coefficient. All optical para- 
meters obey the general laws of propagation of electromagnetic 
waves. There is a relationship between the electrical, magnetic, and 
optical properties of matter, which is given by Maxwell’s law: 


ny = Ve 


where n,; is the refractive index of light when it passes from vacuum 
into rock. 

The refractive index is associated with a certain frequency disper- 
sion, and rises slightly with increase of frequency. 

Maxwell’s law is not valid for all bodies. In ferroelectric substan- 
ces, for example, e is much higher than n?. 

Light usually has an intensity proportional to the square of the 
amplitude of the vector of the electrical component of the wave. 

The ratio of the intensities of reflected and incident light is known 
as the intensity coefficient of reflection k; (see Appendix, Tab- 
le XXXIV). 

The quantities k;, and k; are related as follows: 


ki = kfs 
44% 
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Tr _ (Er\? 
Ton) 

Light waves impinging on the surface of a solid act upon its 
electrons and some of the ions. The latter are excited and give rise 
to secondary electromagnetic vibrations which are propagated both 
inside and outside the substance. The larger the number of free ele- 
ctrons capable of being excited by light, the higher is the coefficient 
of reflection. Ore minerals have very high coefficients of reflection, 
which are, as a first approximation, proportional to electrical 
conductivity. 

The relationship between the principal optical constants of iso- 
tropic ore minerals is determined by the following formula: 


hep — CDP (nr 8)? 
fs (ar + D2 (nr 0)? 


where @ is the absorption coefficient depending on the wavelength 
and the properties of the substance. 

The action of light on any body is described by the following 
effects: photoelectric effect, i.e., the knocking out of electrons from 
conductors and semiconductors by quanta; the rise of electrical 
conductivity in them; the heating of rocks and minerals; and the 
development of luminescence. . 

Luminescence is the emission of light resulting from the irradia- 
tion of rocks and minerals with ultraviolet light. Many minerals 
possess this property, e.g., cerrussite, diopside, wollastonite, hydro- 
zincite, opal, autunite, anglesite, etc. (see Appendix, Table XX XV). 


since 


QUESTIONS AND PROBLEMS 


4. In what way does the polarization of rock depend on porosity, pressure, 
temperature, and moisture content? Explain. 

2. In determining e, a circular specimen of rock 40 mm in diameter and 2 mm 
thick was pressed between two plates of a flat capacitor (condenser) of the 
same diameter. As a result of loose fitting, a slit of 0.08 mm was left between 
one of the plates and the specimen. Determine what the measured permit- 
tivity will be, if the true value of « is 8. 

3. On measuring the electrical conductivity of a rock on samples with areas 
of 1 cm?, 2 cm?, and 4 cm?, the following values are obtained: 


p,=6.2 x 108 ohm-cm 
P2=7X 108 ohm-cm 
p3=8 x 108 ohm-cm 


Explain the causes of this difference in electrical resistivity. Which of the 
obtained values of p is the most correct? 

4. Calculate thé variation in the absorption coefficient of electromagnetic 
waves for rocks with variable permittivity (e varying from 2 to 20), given 
that all other properties of rocks are constant. 


CHAPTER VI 


UTILIZATION 
OF ROCK ELECTRODYNAMICS 
IN MINING. RADIATION PROPERTIES 
OF ROCKS 


1. Use of Electrodynamics 
to Obtain Information About Rocks 


The basic principle in studying rocks and rock masses by electrical 
methods is to utilize the relationship between their electromagnetic 
properties and their mineral composition, structure, natural mode 
of occurrence, moisture content, stressed state, temperature, etc. 

All existing methods of electromagnetic investigation can be divi- 
ded into three groups, according to the volume of the object studied, 
as follows: 

1. Regional studies, by which is meant large-scale investigation 
of the lithosphere both in depth and on the surface area of the masses 
being investigated, fall within the sphere of geophysics as the science 
of the Earth. 

2. Local investigation of rocks over a limited surface and depth, 
by means of geophysical methods of ore prospecting, engineering 
geology studies of the locality, and evaluation of conditions in the 
rock mass surrounding the workings of existing mines. 

3. Laboratory research, consisting in determination of the pro- 
perties and condition of rock specimens through measuring their 
electrical parameters. 

In regional studies, as a rule, the natural electrical and magnetic 
fields are utilized, the aim being to study the structure of the Earth, 
its history, the processes of mountain formation, etc. 

Local studies are carried out on the basis both of local natural 
fields of force and of electromagnetic fields artificially induced in the 
rocks. Two main groups of methods are used, the first of which 
is based on detecting and studying anomalies in the electromagnetic 
fields (static methods), and the second on the use of the laws of the 
penetration, absorption, reflection, and refraction of electromagnetic 
waves in rocks (dynamic methods). 
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The obtaining of information about rocks by the methods of ele- 
ctrodynamics is very widely used today in geophysics. These meth- 
ods have good prospects in mining industry as well, because of the 
following factors: 

(a) electric fields and electromagnetic waves of any frequency 
can be generated without special difficulty; 


(a) p 





Fig. 96. Method of prospecting using natural electric field: 


a — arrangement of equipment; b — graph for the natural potential along a profile; c —area 
of water absorption corresponding to electric field anomaly; P — potentiometer for electrical 
prospecting; E,; — fixed electrode; E, — movable electrode. 


(b) electromagnetic waves penetrate rocks to considerable depths 
and on being reflected from inhomogeneities can be returned to a recei- 
ver; 

(c) a distinct relationship is observed between the electromagnetic 
properties of rocks and a series of parameters that are important 
in mining (for example, iron content, etc.). 

In geophysical methods using the natural electric field the poten- 
tials of points situated in a straight line with respect to a central 
point are measured in sequence (Fig. 96). The potential anomaly 
thus discovered indicates the presence of some source of local cur- 
rents which, as we know, may be a sulphide or coal deposit, a layer 
of sandstone in shales and clays, or an area with intensified perco- 
lation of underground water, etc. Thawed pockets in a zone of perma- 
frost or karsted zones in limestones are discovered by means of ano- 
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malies of natural electric fields and forecasts are made about areas 
of maximum water flow into mine workings, and so on. 

Electrical fields may develop in rocks in the course of working 
a deposit as a result of corrosion of machines and equipment coming 
into contact with the rock (pipes, metal posts, etc.). Study of these 
fields enables spots strongly liable to corrosion to be located and 
precautionary measures to be taken, consequently, in good time. 

The study of natural fields is essential for preventing accidents 
during drilling and blasting. If blasts are fired electrically, an unac- 
counted natural difference of potentials can sometimes cause spon- 
taneous explosion. 

If there is no natural electrical field in rocks owing to unfavourable 
conditions, a field can be induced by passing an electric current 





Fig. 97. Diagram showing the method of charged ore body. 


through the area under study for a definite period. This produces 
electrochemical polarization, and when the source of the current 
is switched off the polarization current, the magnitude of which 
depends on the properties of the rock, can be observed. Thus the same 
objects that are studied by means of natural fields can be discovered 
and studied by means of induced polarization. 

Anomalies are also discovered by measuring potentials using the 
charged-body and equipotential techniques. Inthe charged-body meth- 
od (Fig. 97) current is passed through a deposit possessing high 
conductivity. As a result, the deposit is charged and becomes a source 
of permanent electrical field in the surrounding rocks. The deposit 
is contoured by equipotential lines of the field developed, which 
makes it possible, by tracing their distribution on the surface, 
to determine the boundaries and configuration of the object being 
studied. Ore bodies, anthracite seams, graphite deposits, etc., can 
be studied in that way. The electrical field produced by a charged 
body can also be used to locate other near-by bodies. 

The equipotential-line method utilizes an artificial current produced 
by two parallel lines of electrodes inserted in the ground. Any ore 
body differing electrically from the surrounding rock mass and 
situated between these electrodes can be discovered from the distor- 
tion of equipotential lines. Deposits that are conductive and occur 
at shallow depths are prospected by this method. 
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Different variants of the electrical resistivity method also find 
widespread application in geophysics. In this method, the resistivity 
of rocks is measured by special potentiometers. It is adopted, for 
example, to discover and trace the boundary between rocks with 
different resistivities. The principle of the resistivity method 
is as follows. By passing current through two electrodes the poten- 
tial difference AU at any place on the line joining the electrodes 





AB 
yj 


Fig. 98. Electrical resistivity method: 


a — arrangement of equipment; b — probing curve, A, B — feeding electrodes; M, N — 
receiving electrodes. 


can be measured. The strength of the current J in the circuit being 
known, the resistivity of the object within a survey area can be cal- 
culated from 


AU 
p=k—- 


where k is a coefficient depending on the location of the electrodes. 

By gradually increasing the spacing between the current electro- 
des, the current is made to pass through deeper and deeper layers. 
As a result it is possible to fix the boundary of a layer with a diffe- 
rent resistivity from that overlying it (Fig. 98). If high-frequency 
current is used, then the frequency of current only need be altered 
instead of increasing the electrode separation. Owing to skin effect 
an increase in frequency reduces the depth of penetration, while 
a reduction of frequency increases penetration. 

Electrical resistivity methods are also used for electrical logging 
of boreholes. 

From the electrical conductivity of rocks one may gain an idea 
of their moisture content, determine the presence and direction 
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of fractures, discover water-bearing layers and water-filled karsted 
cavities in a rock being worked. As conductivity depends on the 
pressure on rocks, a variation of the former can provide an idea 
of the stressed state of pillars, benches, dumps, etc. The difference 
in resistivities of wet and frozen rocks is used in electrical methods 
of controlling the growth of ice-covered walls when freezing soft 
unstable ground carrying large ; 
quantities of water as_ the 
sinking of the shaft proceeds. 
From the electrical condu- 
ctivity of broken and stoped- 
out ore of roughly the same 
composition we can judge its 
degree of fragmentation and 
compactness. The electrical 
conductivity of rocks can often 
also be used to control the 
ore content of rock masses. 
The processes of compaction 
of rocks through cementation, 
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: re Fig. 99. Radio-wave irradiation of a rock 
bituminization, etc., can also mass between two mine workings: 


be controlled by changes in 1 — generator; 2 — zone of radio shadow; 
conductivity. 3 — water-filled cavity; 4 — receiver. 

Electromagnetic waves of 
various frequencies are also employed in geophysical methods of 
prospecting. The following are the radio-wave techniques most 
commonly used: 

(a) the radiation method (shadow method) based on the diffe- 
rent absorption coefficients of rocks; 

(b) the interference method in which the reflection of waves from 
the interface of two rocks with different electrical properties is used; 

(c) the ray method, which is also based on the reflection of waves 
from the surfaces of different rocks. 

The radiation method consists in passing radio waves through the 
mass of rock between two or more mine workings. Ore bodies that 
are good conductors are practically impenetrable to electromagnetic 
waves. The reception of the electromagnetic waves transmitted through 
the thickness of rock can therefore indicate the area of maximum 
absorption corresponding to the limits of ore bodies (Fig. 99). 

Additional ore bodies have been discovered in deposits in the 
Caucasus, Altai, and other areas, by this method, and in the salt 
deposits of Solikamsk the location of salt-filled cavities has been 
determined (salt being a highly conductive solution). By this method 
it is possible to discover thawed areas in zones of permafrost, 
quicksands in sands, etc. 
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The interference method is based on receiving radio waves generated 
near the surface and reflected back to the surface from the interface 
separating two rocks possessing different values of 9 and e. The 
receiver ee two interfering types of wave—reflected and direct. 
The result of the interference depends on the depth of the reflecting 
boundary. The intensity of reflected and direct waves at the time 
of reception will be either higher or lower according to the phase. 
By varying the frequency of waves, interference maxima and mini- 
ma (peaks and troughs) can be fixed for definite frequencies. 

Having determined the frequency difference Af giving rise to vol- 
tage maxima in the receiver, we can calculate the depth of the 
reflecting layer: 


b= ae V [4 (2) "Jet ae (24+ 34) 


where vy and v = velocities of the electromagnetic waves in air 
and in rocks, respectively 
d = distance between the source and the receiver 
(measuring base). 

Since, in this case, the wave picked up by the receiver has twice 
travelled through the thickness of rock, it will consequently be more 
attenuated, and the possible depth of penetration less than with the 
shadow method. Clear-cut reception of the reflected wave is only 
possible when the intensity of the reflected wave is not less than 
5 to 10 per cent of the initial field. 

As we know, increase of frequency intensifies the attenuation 
of electromagnetic waves. High-frequency waves cannot therefore 
be employed to study great depths in rocks. At the same time the 
use of electromagnetic waves of great length reduces the accuracy 
of studies, owing to diffraction, which occurs when the geometrical 
dimensions of an ore body are commensurate with the wavelength. 
At present geophysicists employ frequencies up to 10’ Hz (cycles 
per second) in prospecting. 

The interference method can apparently be used when the upper 
layers of rock have a high resistance (i.e., when the absorption 
of radio waves is low). In spite of that, it has a positive advantage 
over the shadow method since it can be employed when there is only 
‘one exposed surface in the mass being studied. 

In the ray (radiolocation) method ultrashort radio waves are used. 
As a result, directionality of the ray is improved. The main para- 
meter to be determined here is the time of propagation of reflected and 
direct rays. 

This technique has not found wide application in geophysical 
work because of the shallow penetration of short waves. But it has- 
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good prospects in mining as a means of forecasting (determination 
of the boundaries of ore bodies or strata during the operation 
of excavating equipment, and also of inclusions, accumulations 
of gas and liquids, etc.). In fact, often it is sufficient during mining 
to irradiate the face to a depth of only 1.5 to 2.0 metres., The ultra- 
short waves used in radiolocation (radar) equipment are quite use- 
ful for the purpose. 

The feasibility of using radio waves to check the thickness of coal 
seams in the working face in mines has in fact been established. 
In automatic control of the movement of mining machines, a pickup 
is needed to check the position of the machine and its working 
parts with respect to the coal-rock boundary. This prevents the 
working element from cutting into the rock and breakage. The 
radio-wave method used by the Dniepropetrovsk Mining Institute 
is based on measurement of the absorption of electromagnetic waves 
in coal and rock. A 20-watt pickup working on a frequency of about 
400 megahertz provides sufficiently accurate measurement (error 
+5 per cent) of the thickness of a coal seam within the limits 
of 0 and 200 mm. 

Radio-wave methods are also suitable for controlling the width 
and condition of coal pillars at the working face, even when they 
are accessible from one side only. Measurement of the resistance 
of the transmitting and receiving aerials gives an idea of the thick- 
ness of pillars, but in the case of. anthracite pillars their thickness 
is judged from the magnitude of currents induced in the anthra- 
cite. 

It needs to be emphasized that the choice of parameters of the 
electromagnetic field depends on the purpose of the investigation. 

In the examples considered above the task was to determine the 
geometrical dimensions of an object. Therefore the dependence 
of the transmission of radio waves on the moisture content of rocks 
is a handicap. To reduce its effect, high-frequency fields are used. 
As a result, the dependence of ¢ and tan 6 on moisture content 
practically disappears. 

When, on the contrary, it is required to check the moisture 
content of a rock, it is appropriate to use lower-frequency waves. 
There are now various methods of controlling the moisture content 
of substances by radio waves; in most cases they are only suitable 
for measuring the moisture content of homogeneous and unaltered 
substances. Since rocks often vary considerably in their composition 
and structure, two working regimes are employed in the transmitter 
in order to measure the moisture content in a rock mass. The diele- 
ctric constant of the rock is first determined, for example, at a high 
frequency corresponding to the value of e, for a given rock in a 
practically dry state and again at a low frequency. The ratio 
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£,/€2 is related to the moisture content of rock in a quite definite 
way. 

Magnetic anomalies are also used in geophysical prospecting since 
they are almost always found with iron ore deposits. Magnetic meth- 
ods are employed, in addition, to study boreholes when they are 
drilled without recovery of cores (magnetic logging). 

To locate quartz veins and other rocks consisting of piezoelectric 
minerals, use is made of the piezoelectric effect. Elastic vibrations 
are generated in a rock mass, and the returning electromagnetic 
waves developed as a result of elastic strains in the piezoelectric 
body are recorded. From the time elapsed between the moment 
of generation of elastic waves and the reception of the electromag- 
netic wave, the depth of a deposit, e.g., a quartz vein, can be 
judged. 

Laboratory methods of studying rocks by electrical means, like 
field methods, can be employed if there is a distinct relationship 
between the electrical properties and the parameter of interest. 
For example, the moisture content of rocks can be determined 
by measuring their dielectric constant or electrical conductivity. 
By measuring the electrical conductivity of rock specimens an essen- 
tial index of electrodynamics, the parameter of continuity of cur- 
rent-conducting channels m, can be established: 


Ctrue 
CS 
Ccal 
where Cirue = measured electrical conductivity of the rock 
Cea) = electrical conductivity calculated from the known 


conductivities of constituent minerals and the per- 
centage of well-conducting inclusions on the condi- 
tion that these inclusions are mutually isolated. 

The apparent porosity of rocks can be determined by the same 
method. 

The dielectric constant of coals increases with increase in their 
degree of metamorphism. This phenomenon is utilized to determine 
the quality of coals. 

The moisture content of rocks can also be determined by magne- 
tic methods. For this purpose, the phenomenon of magnetic resonance 
is employed. The essence of nuclear magnetic resonance is as fol- 
lows. If water is introduced into the field of a powerful permanent 
magnet and a high-frequency magnetic field is simultaneously 
brought to bear on it, the protons of the water begin to vibrate. 
At a definite frequency of the alternating field the protons are brought 
into a state of resonance. This moment corresponds to the highest 
absorption of magnetic field energy. In the same way, if wet rock 
is placed in the field of a magnet and the state of magnetic resonance 
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found, the magnitude of energy absorption in the rock will be direc- 
tly proportional to the number of protons in the water, i.e., to the 
moisture content of the specimen. 

Optical methods are widely employed to study rocks. Thus the 
optical constants of opaque ore minerals are determined in special 
infrared microscopes, which can give their exact chemieal compo- 
sition. 

The reflecting ability of coals is used to study their genesis, 
to determine their type and briquetting capacity, the coking capa- 
city and bitumen content of soft brown coals, the yield of tar in sub- 
carbonization and the degree of graphitization (since a connection 
has been established between these 
properties and the reflecting ability of 
coals; see Fig. 100). 

The property of certain rocks to 
become luminescent by some external 
effect also finds practical application. 
Luminescence is produced with even 
extremely small concentrations of the 
luminescent substance. Luminescence 
analysis is therefore used to determine 
the mineral composition of rocks and 
the chemical composition of minerals. 

The traces of impurities change the 
colour of fluorescence. The fluorescence 
of scheelite, for example, changes from 
an intense blue to bluish white when 
0.35 to 0.5 per cent of molybdenum is 
present in it. If the amount of molyb- 50 60 7 8 90% 
denum is between 0.5 and 4 per cent Fig.. 100. Dependence ‘of the 
scheelite fluoresces in yellow or green-  oefficient of reflection (a) and 
ish yellow. the refractive index (b) of 

Thus, by comparing the colour of light upon carbon content. 
the fluorescence of scheelite specimens 
with that of reference samples prepared from artificial mixtures, 
the amount of molybdenum in ore can be determined to two 
decimal places. The amount of mercury in willemite, which in the 
pure state has a very bright green fluorescence, can even be 
determined to an accuracy of 0.01 per cent. 

Petroleum is highly luminescent. By study of the luminescence 
of the rock extracted from a borehole, conclusions can be drawn about 
the presence or proximity of oil- bearing layers. 

The degree of porosity and the structure of rocks are evaluated 
by luminescence techniques. For this purpose they are wetted with 
a fluorescent solution and the spread of fluorescence observed. 
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2. Breakdown of Rocks 


As we know, Ohm’s law holds good at small voltages: 


dU 
aT constant = R 


This law applies to rocks that are within the limits of dielectric 
strength. With high voltages, Ohm’s law ceases to operate; current 
begins to rise rapidly and the resistance 


La 
3amp of dielectric material sie to fall. The volt- 


. , dU . 
age at which aF becomes zero is known 


as the breakdown voltage U y,, and the 
electric field strength (or intensity) 
corresponding to it is known as the 
‘breakdown strength or intensity EF}, 
(Fig. 101). 

Disruption of the dielectric properties 
of rock can be caused by various fac- 
tors; and according to which of them 
operates, various forms of breakdown are 
distinguished: thermal, electric, and 
chemical. 

U volts Thermal Breakdown. It is known that 
. current passing through rock heats it; the 
Ubp quantity of heat evolved in unit time is 


Fig. 101. Current intensity U2 
versus high voltage. Q=k 1% 


where & = a certain coefficient depending on the geometry of the 
specimen 
U = applied voltage, in volts 
R = resistance of the specimen, in ohms. 

As the resistance of rocks in most cases is very high, the amount 
of heat given off at low voltage is small. If the heat is transferred 
from the heated regions to colder regions and to the surrounding 
space, the temperature of rock will not rise. 

When the voltage is raised, the rock is heated more strongly and 
the heating cannot then be compensated by the cooling effect of the 
surrounding medium. As a result its temperature will be raised, 
which causes its resistance to fall and the current passing through 
it to increase. This leads to further heating and a further increase 
of current, and so on. As a result the current may increase to such 
an extent that breakdown takes place. This type of breakdown 
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is known as thermal. Its distinguishing features are the heating 
of the rock, the relative length of the process, and the dependence 
of breakdown voltage on temperature (Fig. 102). 

Thermal breakdown can be described mathematically by working 
out the equations of thermal balance (Wagner’s theory). As is known, 
the amount of heat generated in the rock can be determined by the 
expression 


4 mr? 
oe p Sacleliae ew 
Q,=U 0 1 


Use OS volts 
240 


where U = impressed voltage in 20>" 
watts 


Bie: electricalconductivity 1609 


of the breakdown 

channel in mho/cm- 20 
nr? = cross-sectional area 

of the channel in cm? 

1 = length of the channel 
in cm. 

The amount of heat Q2 given 40 
off by the channel to the side per 
second is 

Qs = gra aT 2nrl 0 700 200 J00 400 7,°C 


Fig. 102. Dependence of the break- 
If U = Uy,, then Q, = Q»y. down voltage of rock salt upon tem- 





Equating these two equations : — eB pabeas a 2 
i — zon ri reakdown; _ 
and taking the temperature depen- “zone of thermal breakdown: 


dence of e of the rock into consi- 

deration, we can obtain an expression relating the breakdown 

voltage of the rock to its properties and dimensions: 
yaaa oe 

Uy =V ReradT pole’ 4kT 


If the active component of electrical conductivity is substituted in 
this formula for po) (in the case of an alternating field), and Ep, 
is introduced, then we obtain 


Se we Q 

Ey, = 1.9 x 10? 4 e, UAT 
This formula shows the dependence of £y, on the thermal and ele- 
ctrical properties of roeks and on the frequency of the electric field. 
Breakdown voltage falls with a rise of temperature in the rock. 
For rock salt, for example, log Up, = — 0.00537 -++ 5.64. There- 
fore in the case of thermal breakdown only values of breakdown vol- 
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tage and breakdown intensity determined at the same temperature 
are compared. Each particular rock usually has a definite temperature 
above which thermal breakdown is always observed. If the initial 
conductivity of the rock is sufficiently high, this critical tempera- 
ture may be lower than room temperature. Only thermal breakdown 
is seen in such rocks (unless they are cooled). Thermal breakdown, 
for example, is characteristic of the majority of ores that are good 
conductors (pyrite, galena, magnetite, etc.). Their breakdown vol- 
tages are low. 

As Uy, depends not only on the electric field, but also on the 
conditions of cooling of the specimen, there is no direct proportio- 
nality between it and the thickness of rock (when / is large, cooling 
conditions deteriorate). 

Breakdown voltage falls with increase of moisture content in the 
rock. But if the breakdown temperature is higher than the evapora- 
tion temperature of the moisture, then the rock dries during the 
preliminary stages of breakdown and U}», is increased. As a result 
breakdown may not occur at a given voltage. 

With a rise in the frequency of the electric field breakdown vol- 
tage alters approximately inversely to / f (if ¢ and tan 5 can be taken 
as constants in a certain frequency range). 

It is also quite evident that rock breaks down more easily along 
the layering than across it. 

Electrical Breakdown. This type of breakdown is brought about 
when free carriers of current (ions, electrons) are formed and accu- 
mulate in rock under the direct action of an electric field. At the 
moment the avalanche-type increase of the amount of current carriers 
approaches the limit, the properties of a dielectric are destroyed, the 
resistance of a rock falls sharply, and breakdown begins. The main 
factor causing electrical breakdown is the intensity of the electric 
field. 

The physical nature of electrical breakdown consists in impact 
ionization of molecules and disruption of the crystal lattice. For 
example, if the lattice is made up of different types of ions, the 
application of an electric field causes deformation. When E < Ep,, 
the deformation is elastic (electrostriction). When EF > E,,, the 
crystal breaks down. 

Unlike thermal breakdown, electrical breakdown occurs almost 
instantaneously. 

The value of breakdown voltage in electrical breakdown is excep- 
tionally sensitive to inhomogeneities in the field. Any inhomogeneity 
brings the value of U,, down sharply. The parameters of maximum 
and minimum electrical strength are usually used to characterize 
a material; the first is determined in conditions of a uniform field 
and the second in a highly non-uniform field (Fig. 103). 
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Minimum electrical strength is needed more in mining since uni- 
form fields are very seldom encountered. But to study the processes 
of breakdown and discover its pattern, breakdown in a uniform 
field is used. 


TABLE 13. Breakdown Strength of Selected 
Rocks and Air (Electrical Breakdown) 














ook | Siyneit | rook | Sipngtt 
Marble. . . 1 Quartz . . .| 20 to 47 
Asbestos . .| 1t03.5 |/Air .... 3.2 
Muscovite 200 


In a uniform field the parameter of electrical strength E,, does 
not depend on the thickness of the layer being disintegrated, and 
is a physical constant (Table 13). 


Usps KV 
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Fig. 103. Breakdown voltage versus thickness of sulphur (electrical breakdown): 
1 — homogeneous field; 2 — non-homogeneous field; 3 — computed minimum curve. 


In a non-uniform field a reduction of the value of Ey, is seen with 
increase in the thickness / of a specimen, owing to the increase of the 
number of inhomogeneities in the rock. With the rise of J there 
is a tendency for breakdown voltage to approach a certain limiting 
value, i.e., the increase of nonuniformity in the field reduces break- 
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down voltage to a certain value which remains constant with further 
distortion of the field. Thus £p°* can serve as the characteristic 
of rock in a uniform field and U;, in a non-uniform field: 


Ut =lim Up, 
l-+00 


The voltage required to bring about electrical breakdown is hun- 
dreds of times greater than that needed in thermal breakdown 
(1408 to 10? W/cm, or more). Therefore electrical breakdown may 
be expected to occur only when there is no possibility of thermal 
breakdown. Electrical breakdown usually occurs in rocks of high 
resistance at quite low temperatures and at constant or impulse 
voltage. If voltage is alternating, there is a greater probability 
of thermal breakdown in view of the development of additional 
sources of heat as a result of dielectric losses. 

Electrical breakdown depends on the layering of rock. If a rock 
is taken as a double-layered condenser with layers of e, and &», 
respectively, then the distribution of intensities in the layers will 
be inversely proportional to their dielectric constants: 

Ey & 


EF, & 


When rocks are quite good conductors, the intensities are inversely 
proportional to the specific conductivities of the layers: 


Erte 
Eo & 

If the field intensity in a layer reaches the value of its ultimate 
strength £y,, it begins to break. Simultaneously with its breakdown, 
the voltage is redistributed to the second layer, and a sharp nonuni- 
formity of the field develops at the breakdown channel which leads 
to the rapid breakdown of the second layer. 

As a result, the disruption of layered rock takes place much faster 
and at lower field intensities than that of massive samples. Break- 
down is also easier along the stratification than in a monolithic 
sample since the different properties of layers give rise to distortion 
of the electric field. 

Since electrodes attached loosely to a rock, and sharp edges increase 
the nonuniformity of a field, the value of Zp, falls in such circum- 
stances. The voltage at which discharges appear at the edges of ele- 
ctrodes is determined by the electrical strength of the medium and 
the distribution of the field between the electrodes. When the exter- 
nal medium has high electrical strength, it impedes side discharges, 
i.e., raises the E},, of the rock. 
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Moisture, any inclusions, inhomogeneities, and the porosity 
of rocks reduce their electrical strength. 

The electrical strength of minerals and rocks also falls with increase 
of the confining pressure on them and of the period they are sub- 
jected to the voltage. When the voltage is pulsed, the breakdown 
voltage of rocks falls with increase in the number of pulses (Fig. 104), 
since each successive pulse produces a certain incomplete breakdown 
of the rock and consequently 
prepares the way for final 
breakdown at a lower voltage. 

Chemical Breakdown. When 
the breakdown of rock is 
brought about as the result of 
definite chemical changes in 
it, the breakdown is known as 
chemical. Strictly speaking, 
any thermal breakdown is 
accompanied with chemical 
changes, and electrical break- ““>—>—,—5_ 9), —h,—SOSO6 
down is also often accompa- Number of impulses 
nied with chemical changes; 
therefore the chemical type of Fig. 104. Breakdown voltage versus num- 
breakdown is not always trea- ber of impulses for mica. 
ted as a separate type. The 
separation of conducting substances, taking place in rock as 
a result of electrolysis, which connect the electrodes by thread- 
like channels is treated, for example, as chemical breakdown. 

The higher the temperature and the longer the action of voltage, 
the more actively chemical breakdown proceeds. Distortion of the 
electric field is also significant. 

In all cases of breakdown of rock, apart from the alterations 
in its electrical properties, its continuity is also disrupted. Molten 
and disintegrated channels are formed, and in suitable conditions 
the rock is completely broken. Breakdown therefore finds applica- 
tion in various methods of electrothermal and electrical breaking 
of rocks. ~ 





3. Application of Electrodynamics 
in Breaking Rocks 


Electrodynamic phenomena are used to weaken and break rocks 
down, to strengthen mine workings and stopes, in ore dressing, 
in carrying out auxiliary operations, (for example, thawing), and 
in electrochemical methods of geotechnology. 

15* 
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Breaking of Rocks by Electrodynamic Methods. In these methods, 
electricity is supplied directly to rock without preliminary transfor- 
mation into mechanical or thermal energy, the rock itself serving 
as the converter of electrical energy. Depending on whether the 
electricity absorbed by rocks is transformed into mechanical energy 
directly or through heat, two groups of electrodynamic methods 
of breaking are distinguished: (a) electrical or magnetic, and (b) ele- 
ctromagneto-thermal. 

With the first group an electric or magnetic field directly breaks 
the rock, and the breakdown is linked with magnetostriction, 
piezoelectric effect, or electrical breakdown. The last is the most 
significant. 

For electrical breakdown, constant or pulse voltages are used. 
Their magnitude depends on the electrical strength and size of the 
rocks being broken. It is therefore highly important to obtain mini- 
mum values of field intensity, which can be achieved by changing 
the shape of electrodes and placing rocks in a suitable external 
medium. 

Electrical breakdown can be employed to split off lumps of rock, 
and to drill and separate pieces of rock from a mass when there are 
several free faces. But it requires high voltages of constant or pulse 
current dangerous for the operating personnel. 

Factors reducing the electrical strength of rocks have a favourable 
effect on their breakdown. Increase of the lattice energy, bulk modu- 
jus, and microhardness of minerals raises their electrical strength, 
but moisture, porosity, and pressure reduce it. 

The positive aspect of electrical breakdown is that it occurs 
instantaneously as soon as voltage exceeds the breakdown value. 

Electrical breakdown of liquids produces the so-called electro- 
hydraulic effect (EHE). With high-voltage pulse discharge, a cavity 
(due to cavitation) develops in liquid which, on bursting, shatters 
any neighbouring body. Electrohydraulic effect can be employed 
in breaking and drilling rocks. It is also adopted when useful com- 
ponents (for example, uranium) are extracted from ore during dress- 
ing, since cavitation helps to separate minerals when rocks are being 
broken and intensifies chemical reactions. 

Electrical methods of breaking rocks through the occurrence 
of thermal breakdown may be divided into several groups, as follows: 

(a) methods utilizing direct current ae current of industrial 
frequency; apis 

(b) high-frequency contact methods; 

(c) methods employing a high-frequency. magnetic field; 

(d) radio-wave techniques. 

Direct-current methods make use of the capacity of rock to con- 
duct enough current to heat it up. Their fundamental requisite 
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therefore is good initial conductivity. Large pieces of ore are broken 
down in this way. 

In the simplest case, it is sufficient to attach electrodes to oppo- 
site sides of the piece to be split and feed them with current ffom 
a source (either direct current or current of industrial frequency) 
(Fig. 105). As already explained, thermal breakdown takes place 
along the channel joining the electrodes; the heated zone around 
it creates tensile thermal stresses that break the rock. 





Fig. 105. Breaking of rocks by low-frequency electric current: 


a — electrodes placed on the opposite sides of a piece of rock (a good conductor); b — elec 
ctrodes placed on one side of the rock (a poor conductor). 


As the amount of heat generated in the rock is 
U2 
=z 
the higher the voltage, the more effective the process will be. 

In order to reduce total resistance R and extend the range of rocks 
broken (or to keep the voltage employed within safe limits), ele- 
ctrodes are placed close to one another on one side only (Fig. 105d). 
The ensuing process is similar to that already described. Breakage 
is weaker with this technique because of the surface location of the 
volume heated, but it can be employed more widely as a voltage 
of the order of 100 to 200 volts is sufficient at the electrodes. It is also 
possible to separate rock from a mass (with a single free face) by this 
method. The electrical energy transmitted to rock is transformed into 
heat which is expended, first, on heating part of the rock to melting 
point, then on melting and maintaining it in the molten state, and, 
second, on heating a certain volume of rock. As only the heated 
rock gives rise to thermal stresses, the power expended on melting 
is regarded as waste. One should therefore strive to ensure that 
maximum of power goes to heating the rock, i.e., 


N =)grad TS 


where S is the area of the heated rock surface. 
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Thus, in order to raise the effectiveness of breaking, it is not suf- 
ficient solely to increase the capacity of the equipment; the area 
of rock heated must also be increased. 

When an alternating electric field is employed, the active condu- 
ctivity ¢ of the rock is 


€ = 2snfeey tan 6 


i.e., ¢ rises with increase of frequency. In high-frequency electric 
fields the heating of rock may therefore be much more rapid so that 
even poor conductors can be heated. This phenomenon is employed 
for electrothermal breaking of poorly conducting rocks. 





Fig. 106. General arrangement of equipment for high-frequency breaking of 
iron ore pieces: 
1 — rock being broken; 2 — electrodes (tongs); 3 — generator of high-frequency vibrations. 


Current of frequencies up to 300 MHz is introduced into the rock 

being heated by means of contact electrodes. The process of heating 
and breaking by this high-frequency contact method does not differ 
from that described (Fig. 106). High-frequency current is employed 
solely to intensify the whole process of thermal breakdown. 
. Electrodes may be very different in shape (tongs, dowel, wedge, 
plate, etc.). According to their shape and mutual positions in the 
rock an electric field of definite configuration is generated. In this 
way electric field can be directed or concentrated in definite places 
in the rock. 

If the rock to be broken is accessible from one side only, the ele- 
ctrodes are placed on the one surface; breaking will then be less 
effective (as with direct current). 

It is a feature of high-frequency methods that the rock may break 
even before the stage of thermal breakdown is reached, owing to the 
development of thermal stresses between its hot and cold portions. 

The different degree of heating of grains in rock leads to the deve- 
lopment of thermal stresses in the grains and on their contacts, which 
in turn causes the development of fine fractures, loss of strength, 
and arise in brittleness of the specimen to which a homogeneous 
field is applied (Table 14). 
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TABLE 14. Loss of Strength in Rocks in a High-Frequency Field 


Ultimate comp- | Ultimate comoressive strength anter 





made ea Es etoueth fleld is applied °com: g/c 
applied Scom> 
kg/em2 4 2 3 

Granite. ...... 1,800 580 620 440 
Sandstone, coarse-gra- 

ined .. 2... ., 950 320 470 520 
Basalt ....... 4,600 470 660 950 
Hornfels ...... 2,800 680 800 1,100 





Experiments indicate that the effectiveness of breaking greatly 
depends on the grain size of the minerals forming the rock. The 
smaller the size of their grains, the faster the rate of heating re- 
quired. 

In coarse-grained rocks, e.g., sandstones and granites, strength 
falls by a factor of 2 to 4 even before the breakage. The surface 
of fine-grained rock becomes more brittle under the action of a high- 
frequency field. Stratified rocks are broken, above all, along the 
planes of stratification. 

The high-frequency contact method of breaking oversize lumps 
of ferruginous quartzites by means of tongs-shaped electrodes was 
tested repeatedly in the Krivoy Rog quarries during 1958. Expe- 
riments showed the possibility of successful breaking of lumps 
of iron ore by this technique. Breaking took 5 to 180 seconds; the 
power consumed was 0.1 to 3 kilowatt-hours, and the capacity 
of the equipment 60 kilowatts. Breaking was not accompanied 
by the scattering of small pieces or the formation of dust, and the 
process was quite safe for the operators. 

The high-frequency contact technique can also be employed 
to break up frozen iron and manganese ores. 

In installations for breaking rocks with low electrical resistances 
fields of a frequency not exceeding 0.5 MHz are used, but to heat 
and break rocks of higher resistances much higher frequencies are 
required. 

The main role in these electrical methods is played by the elec- 
trical properties of the rock and its constituent minerals. Energy 
consumption in breaking hard rocks is therefore often less than 
in soft ones. Thus, to rip off one ton (metric) of hornfels (Ogom = 
= 2,000 kg/cm”) from the mine face requires 11.4 kilowatt-hours, 
whereas for breaking off one ton of sandstone (Ogom = 1,100 kg/cm?) 
a power of 28.4 kilowatt-hours is needed. 
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High-frequency electrical breaking differs in principle from ther- 
mal breaking in the physical sense, in spite of the thermal effect 
involved in it. In thermal techniques of breaking, heat flow, of course, 
acts directly on the surface of the rock, so that surface peeling 
takes place. 

When the electric field is applied, the rock is heated to a definite 
depth, which depends on the parameters of the field (frequency) 
and the electrical properties of rocks. The effectiveness of the pro- 
cess is increased and power consumption reduced. 

The power required to break a unit volume of rock can be calcula- 
ted, in the simplest case, from thermal stresses developed in the rock. 
When it is heated by a through channel, the tensile stresses in the 
unheated part can be given by the following formula: 


B ATE pr 


Oten = a —v) 





where Ep, = E,, =a 


——>.——— = reduced Young’s modulus that 
— 3 Zot En 


takes into account the moduli 
of the heated (£;,) and unheated 
(E,) parts of the rock 
S =relative area of the heating 
channel. 
As the power g required to heat a unit volume of rock through 
AT is 


q= Arey and S=sr?— 66at 


then 
__ », SbreakeY (4—v) 3 
=) BE prt 2, Wa 
where n = a Coefficient accounting for power loss through evapora- 
tion of moisture, loss of heat, etc. 
t = time of heating, in seconds. 
Considering that the power absorbed by the rock is 


do = 05.5e tan 6fE? 


where {= frequency of current, in MHz 
E = field intensity in the rock, in kV/m, 
the following equation of energy balance can be written: 


55.5efE? tan 6 =n Serene C=) 
T 


This equation is the condition for electrothermal contact break- 
down of rocks. 
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A necessary but insufficient condition for high-frequency elec- 
trothermal breakdown of rocks is their capacity to become heated 
in an electric field, a capacity that can be assessed by the parameter 


paeeccl a 3,9 
Osan? J/m? °C 


equal to the amount of the electric field energy required to heat 
one cubic metre of the rock by one degree Celsius. This parameter 
b is called the index of resistance of rocks to high-frequency heating. 
The smaller its value, the more effective is the heating of rock. 
A second condition, as in all thermal methods of breaking rock, 
is the capacity of rock to transform accumulated thermal energy 
into mechanical energy. This capacity, as we know, is assessed 
by the parameter Ey,f. Eventually a criterion II, can be deduced 
that unites all the physical properties of rocks and determines the 
effectiveness of breakdown by electrothermal means: 


IL = EprBe tan 6 
1° “cyOpreak (1—V) 


The higher the value of II,, the more easily is the rock broken 
electrothermally. 

Rocks that are porous and disintegrate at high temperatures 
(limestones, marbles) do not split well by electrothermal methods. 

The role of external factors in electrothermal breakdown is linked 
with their capacity to alter the physical properties governing the 
process of heating and disruption of rock. 

In the zone of high frequencies moisture does not alter the values 
of e and tan 6 of rocks but does raise the values of cy and A. So the 
wetting of rock brings down the value of the criterion II, and makes 
the process of electrothermal breakdown more difficult. 

Rise of temperature causes ¢, tan 6, and f to increase and con- 
sequently improves the effectiveness of breakdown. But at high 
frequencies ¢ and tan 6 do not rise up to temperatures of 300° 
to 400°C and upwards, i.e., the absorption of high-frequency energy 
remains almost constant. Nevertheless the criterion II, rises owing 
to increase of Ey;f. 

The heating of rocks in a high-frequency field can be intensified 
from the surface owing to the development of an intensive high- 
frequency corona at the contact of electrode and rock. As the corona 
heats the rock only from the surface, the phenomenon is sometimes 
undesirable (when it is necessary to concentrate energy at a cer- 
tain depth). 

High-frequency contact methods are most widely used today 
to break large pieces of rocks. Nevertheless they can be employed 
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to separate rock from a mass (they are most effective when there 
are several free faces). For this purpose a sinking electrode can 
be used, a method in which a high-potential electrode melts the rock 
at the point of contact and penetrates deeper into it under the action 
of mechanical forces. As the electrode sinks, the zone of intensive 
heating of the rock becomes deeper, which enables pieces to be split 
off from the mass by tensile stresses. 

Electromagnetic vibrations of frequencies above 300 MHz are 
employed in radio-wave methods. In these techniques there is no direct 
contact between the radiating electrode and the rock being broken. 
The electromagnetic wave is directed at the mass by an aerial 
or reflector in the form of a concentrated beam. The radio waves 
penetrate the rock to a depth depending on the properties of rock 
and the frequency of the wave (see Chapter V, Sec. 6). At this depth 
there is practically total absorption of the electromagnetic energy; 
as a result the rock is heated and thermal stresses are produced 
capable of breaking it. By varying the frequency of the radio wave 
the depth of penetration of the electromagnetic energy can be altered. 
Depending on the regime of heating of the rock, its electrical proper- 
ties, the frequency and intensity of the electromagnetic wave, brea- 
king may take the form either of superficial peeling (rapid heating 
of the upper layer of rock and high field frequency) or of separation 
of large pieces from a mass (slower heating and lower frequencies). 

When an electromagnetic wave is sent into rock, much of its energy 
is expended in reflection from the air-rock interface. Energy losses 
are particularly great at high values of © and of electrical conducti- 
vity of the rock. 

At the same time low electroconductivity does not permit electri- 
cal energy to concentrate in a limited volume so that it spreads 
throughout the mass and is lost. It is therefore important to select 
a frequency and operating conditions for the generator appropriate 
to the electrical properties of the rock. To reduce the reflection coeffi- 
cient k,, it is evidently necessary (see Chapter V, Sec. 6) to reduce 
to the minimum the difference between the acoustic impedances 
of the rock and the medium from which the wave is radiated (air, 
in normal conditions). For this purpose an intermediate medium 
may be employed between magnetron and rock, provided that it has 
a wave impedance higher than that of the rock and lower than that 
of air (for example, quartz). This intermediate link must transmit 
radio waves readily, and should not itself become heated during 
the operation. It has been calculated that the transmission of a wave 
directly through air to a rock face with a dielectric constant e = 9 
involves reflection of nearly 50 per cent of its energy; with © = 4 
the same rock reflects only 20 per cent of the energy of the 
wave. : 
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Magnetic (induction) methods of breaking ferromagnetic rocks 
are based on their absorption of magnetic energy, as a result of which 
thermal stresses are developed in the rock leading to its disruption. 

The evolution of heat in a magnetite specimen placed in a high- 
frequency magnetic field is caused by the induction eddy currents 
developing in it and the power loss through remagnetization. 
















AK 
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Fig. 107. Induction method of breaking ferruginous quartzites: 
1 — inductor; 2 — generator of high-frequency magnetic field; 3 — bulldozer. 


The power No emitted as heat owing to eddy currents is directly 
proportional to the square of the frequency and depends on the elec- 
trical conductivity of rock: 


B22 
oa 
Power developed as a result of remagnetization (hysteresis loss) 
is directly proportional to the field frequency: 
N, h~ By 
Magnetic losses are of prime importance in breaking magnetite 
ores, the ratio x being 15-30. 


Now 


Eddy currents are significant only at high temperatures, when 
there is a fall in the resistivity of rocks and hysteresis losses practi- 
cally disappear above the Curie point. 

In experiments in induction heating of rocks normal hardening 
generators have been used (with a frequency around 0.2 MHz, 
H = 90 to 200 ergs). The induction coil is placed on the surface 
of ferromagnetic rock. As a result pieces of ore (uy = 3; p = 10? 
to 10° ohm-cm) are split off after two minutes of heating by the 
magnetic field. The depth of effective heating is 6 to 8 cm 

Projects have been drawn up to break up poor ferruginous rocks 
in that way in quarries, moving an induction coil along the quarry 
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surface by a special tractor (Fig. 107). The rock under the inductor 
becomes heated and is disrupted. 

Magnetic breakdown of iron ores intended for beneficiation has 
also been suggested. Pieces of rock are passed over several induction 
coils by means of a conveyor; the rock, coming under the action 
of a rapidly alternating magnetic field, breaks up into small pieces. 

Electromagnetic methods of breaking rocks are very diverse and 
can be employed with rocks having different properties. The possi- 
bilities of affecting rock by directed electrical energy and of concen- 
trating the latter in previously selected places, etc., permit us to 
affirm that these methods are applicable in breaking down rock 
masses and have good prospects. 

The splitting-off of rock from a mass with one or two free faces 
is possible when the fracture developing in a rock has a curvilinear 
form and completely isolates a piece from the mass. As with ele- 
ctrothermal breakdown the development of a fracture leads to a sharp 
fall in thermal stresses. For fractures to spread out further, additional 
prolonged heating is needed, but it often does not give positive 
results. The face cracks and is weakened, but the final separation 
of the rock from the mass does not take place, and it is necessary 
to attack the face mechanically in addition. There would seem 
to be point in investigating the possibility of designing a mechanism 
to detach rock from a mass that employs both electrothermal and 
mechanical action on the face; the electromagnetic field would 
prepare the rock and the mechanical device would separate it from 
the mass. 

The electrothermal process takes more time in comparison with 
electrical breakdown. The productivity of mechanisms utilizing 
the principle is therefore objectively limited and will depend on the 
properties of the rock and the parameters of the field. Where the 
extraction technology permits, definite parts of the rock should 
be weakened beforehand by prolonged action of an electric field 
with subsequent extraction by mechanical means. Fast-acting mecha- 
nisms would be better designed utilizing electrical breakdown. 

The direct employment of electromagnetic waves of optical range 
to break rocks is only at the experimental stage at present. It is pos- 
sible that optical quantum generators (lasers) will become practical 
in the future. Their working principle is based on the capacity 
of certain crystals (rubies) and liquids, on being excited by light 
rays, to generate an exceptionally concentrated and powerful beam 
of light. It has been shown experimentally that such a beam is capa- 
ble of cutting a slit in diamond, the hardest of all minerals, in a mil- 
lionth of a second, and of breaking solids. 

Electrodynamic Beneficiation. In dressing ore by electrodynamic 
methods, the differences in electrical and magnetic properties of the 
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enclosing rock and the ore minerals are utilized. Both static and 
variable fields are employed. 

Dielectric separation of minerals is widely employed. The method 
is based on the separation of minerals according to the differences 
in their dielectric constants. As research has shown, minerals can 
be separated in this way that differ in their dielectric constants 
only by unity. With one such method dielectric separation is accom- 
plished on a metallic conveyor belt which serves as one of the ele- 
trodes; the second electrodes are located above the belt. When the 
minerals are passed through liquid with a definite value of ¢, minerals 
with higher values are attracted to the belt and are discharged into 
a hopper at the end of it. Minerals with lower values of ¢ are expelled 
from the field. 

Magnetic methods of cleaning and dressing ores make use of the 
differences in residual magnetization and magnetic permeability 
of ores and their enclosing rocks. Electromagnetic separators separate 
the magnetic fraction from the non-magnetic. Magnetic separation 
is widely employed to dress iron and manganese ores, and also to 
separate ilmenite in final dressing of tin, wolfram, and other sands. 

Optical properties, like reflectivity, also find application 
in ore dressing. The strong heating of barite ore as a result of its 
absorption of solar energy is employed in northern areas as a cheap 
means of beneficiation. Barite ore is laid out in layers on snow. 
Heated pieces gradually sink into the snow while the gangue rock 
is left on the surface. 

The thermoadhesive method of ore dressing is based on the proper- 
ties of minerals to absorb infrared rays differently. Rock salt, for 
example, is separated from impurities of dolomite and anhydrite 
in that way. The impure rock salt is placed on a special conveyor 
belt coated with adhesive, and illuminated by an infrared lamp. 
Opaque pieces of dolomite and semi-transparent anhydrite are heated 
by the infrared rays and adhere to the belt, while the purified rock 
salt drops off the conveyor. This method can also be used to purify 
other minerals. 

Luminescence is employed in ore dressing and selective extraction 
of minerals at the working face. The tungsten ore, scheelite, for 
example, is very difficult to identify by the naked eye. When the 
working face is illuminated by ultraviolet light, the scheelite shines, 
and selective extraction of the ore becomes possible. 

Electrodynamic Methods in Auxiliary Operations. To dry rock 
(especially dispersed and clayey rocks and those with a low yield 
of water), electroosmosis is employed. Under the action of direct 
electric current (voltage about 40 volts, current intensity 20 to 
30 amperes) the water molecules present in rock move towards the 
cathode, gradually drying the anode zone. 
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In the construction of Tzimlyansk dam rocks were dried by ele- 
ctroosmosis as well as by pumping with an effectiveness ten times 
higher than with pumping alone. Electroosmosis is employed 
in digging quarry trenches and in driving other mine workings. 

When frozen rocks are thawed by means of electric immersion 
heaters, use is made of the capacity of thawing rock to conduct ele- 
ctricity (Fig. 108a). Holes are drilled in the thawed area of a quarry 
and electrodes placed in them so that their ends remain in thawed 
rock. When the current is switched on, a closed circuit is formed 
in the thawed rock (since the conductivity of thawed rock is much 





Fig. 108. Electrical thawing of soil: 


a — by low-frequency current; b — by high-frequency current; 1 — electrodes; 2 — current 
generator; 3 — layer being thawed; 4 — thawed layer of rock. 


higher than that of frozen rock). The layer through which current 
passes is heated and transmits heat to the overlying frozen layer 
which, on being thawed, also begins to conduct current, and so on 
until the process gradually reaches the surface. 

The most interesting methods of thawing utilize high-frequency 
current, which does not require either boreholes or a large number 
of electrodes (Fig. 1080). 

The laws discussed above, governing the evolution of heat under 
the action of an electric current, can be employed to compact rocks, 
reduce their tendency to swell, and cut down the inflow of water, 
by electromelting the walls of mine workings, quarry benches 
or dumps, catchment basins, etc. 

Electrodynamics can also find application in hydrotransport 
of rocks for simultaneous beneficiation of ores and transport of rock 
in suspension (under the action of electrostatic or magnetic forces 
of attraction). Electrophoresis can be employed to intensify the 
purification of water in hydraulic dumps, to reduce the dust in the 
mine atmosphere, etc. 

The application of rock electrodynamics is a promising field 
in geotechnological methods of ore extraction, especially for inten- 
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sifying these processes. The main obstacle in the development 
of geotechnology, of course, is the low permeability of rock masses. 
The effect of high-frequency electric fields on rocks can help to deve- 
lop fractures and break rocks being worked. 

Electric fields of definite configuration and intensity can direct 
the movement of solutions and melts through rocks, can intensify 
chemical leaching, and so on. 

The ionic and electrolytic conductivity of rocks can be used 
directly as a geotechnological method. As a result of electrolysis 
of initially dissolved minerals, metals like copper, zinc, tin, etc., 
can be obtained direct from the ore body. Ionic conductivity can 
also be employed to separate or concentrate ores near electrodes 
without initial dissolving of their minerals. Glass, halides, nitrates, 
sulphates, the salts of alkali, alkali-earth, and easily ionizable 
heavy metals possess ionic conductivity, mostly unipolar, i.e., either 
cations or anions move. The process of ionic transfer of matter 
is slow, so that current must be passed through a mass for a long 
period to obtain the desired effect. 

Ionic conduction not only concentrates the useful elements around 
one of the electrodes, but in addition weakens the mass considerably. 
In fact, the partial removal of ions increases defects in the crystal 
lattice of rock, and raises its porosity and permeability, so that 
it loses strength and is readily broken by mechanical means after 
such preparation. 


4. Radiation Properties of Rocks 


Effect of X-Rays. X-rays are electromagnetic waves considerably 
shorter than those of light (10-® to 10-® cm). Their interaction with 
matter is characterized by two important factors, namely, their 
short wavelength and high quantum energy, so that the laws of their 
propagation have certain aspects in common with those of micro- 
particles. But another type of relationship exists between frequency 
and absorption of X-rays in matter. 

As is known, the absorption of electromagnetic waves in rocks 
rises with increase of frequency. Electromagnetic waves in the white 
light range are absorbed in conductors and semiconductors more 
or less at the surface. Waves of the ultraviolet part of the spectrum 
are absorbed even in substances that are transparent to ordinary 
light rays, e.g., glass, water, etc. 

Beginning at the X-ray range there is an abrupt qualitative 
change, and the following approximate relationship is found between 
their absorption coefficient and wavelength: 
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This means that with the rise of field frequency there is a sharp 
increase of the capacity of rays to pass through matter, since their 
wavelength becomes shorter than the distance between lattice points 
(ions) in crystals. The atoms of the material therefore do not present 
any obstacle to the passage of rays. In addition their high energy 
values play a significant role. 

X-rays are propagated in any medium with a velocity not much 
different from that of ordinary light (the difference being not more 
than 0.04 per cent). 

The intensity of X-rays is the amount of energy that passes in one 
second through a surface of one square centimetre placed perpendi- 
cularly to them. 

In passing through matter X-rays lose energy through absorption 
and scattering (or diffusion). Absorption is the transformation of one 
form of energy into another (for X-rays, transformation into the 
energy of secondary radiation). Scattering is random change in direc- 
tion of rays as a result of collision with particles. 

The total absorption coefficient 0 is equal to the sum of the coeffi- 
cients of absorption proper and of scattering. 

The intensity J of a ray that has passed through a body is calcu- 
lated from the known exponential formula: 


J = Jye*4 


where d is the thickness of the layer. 

The denser a substance, the stronger is the absorption of X-rays. 

X-rays are most widely employed at present to study rocks and 
minerals, using methods of absorption, interference and spectrum 
analysis. The absorption method (radiography or X-ray flaw de- 
tection) is based on the relationship between the attenuation of X-rays 
in passing through a substance and the inhomogeneities in its stru- 
cture, mineral composition, density, etc. Radiography is widely 
used in metal-working industries in non-destructive testing for the 
detection of flaws and unsoundness (voids and inclusions) in metals. 

In mining it is employed to determine the nature of the distri- 
bution and amount of ash in coals and coke, etc. Coal is more tran- 
sparent to X-ray radiation than ash, and so sites of accumulation 
of the latter cast shadows on the photographic film. Radiography 
is also employed to determine the quality of mica. 

Rocks are often studied under the X-ray microscope, which makes 
it possible to reveal structural and compositional features not visible 
under an ordinary microscope. The application of other X-ray meth- 
ods of studying rock has been dealt with in Chapter I, Sec. 4. 

In passing through rock X-rays act upon it and alter a number 
of its properties, for example, raising its electrical conductivity. 
It has also been found that irradiation of certain minerals at first 
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raises their electrical strength, but a further increase in the dose 
of radiation reduces it. Brief irradiation of rock-salt crystals lowers 
their internal friction. 

Radioactivity of Rocks. Some rocks and minerals possess natural 
radioactivity. The radioactivity of rocks is due to the presence 
in them either of minerals containing radioactive elements (uranium, 
thorium, radium), or of radioactive isotopes of potassium, calcium, 
rubidium, zirconium, tin, tellurium, tungsten, rhenium, or bis- 
muth (Table 15). 


TABLE 15. Radioactive Content of Selected Rocks 


























A K4o, ‘ : 40, 
Rock an oe per cent Rock ani aa per oat 
Basalt 0.9 4.2 0.75 | Limestone . .} 1.3 |2.4 — 
Diabase ...| 0.8 2.0 — Oil. 4. 100 |0.0005) — 
Granite 3-5 | 13.0 4.4 


In addition,a number of minerals have the capacity to adsorb 
radioactive elements and isotopes from the surrounding medium. 
As a consequence, their presence also raises the radioactivity of rocks. 
Thus, clays and argillaceous shales have increased radioactivity 
as a result of the sorption of elements; the presence of clays in sedi- 
mentary rocks (e.g., niarls) therefore increases their radioactivity. 

There are very few radioactive elements in the Earth's crust. 
It is estimated that the lithosphere contains approximately 2.4 xX 
xX 40-§ per cent of uranium-235, 3 x 10-4 per cent of uranium- 
238, 8 x 10-4 per cent of thorium-237, and 1 xX 10-!° per cent 
of radium-226. 

During radioactive decay involving rearrangement of the nuclei 
of elements, emission of alpha- and beta-particles and gamma-rays 
takes place. Alpha-particles are positively charged nuclei of helium 
atoms consisting of two protons and two neutrons. Schematically 
alpha-decay can be represented as follows: 


2X4 —>7,X4~* + Het 


where X = element 
Z = atomic number of the element in Mendeleyev’s Periodic 
Table 


A = atomic weight of the element. 

Alpha-particles are emitted from the nuclei of radioactive elements 
with an initial velocity of 1.2 x 10® to 2.3 x 40° cm/sec and an ener- 
gy of 3 x 10-48 to 1.7 x 10°" joule, respectively. The range (mean 
16-438 
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free path) of alpha-particles is not long. In air it is 3-10 cm and 
in quartz, for example, it is only about 38.3 microns. 

Beta-particles are a flux of electrons (positrons) emitted from the 
nucleus of a radioactive element at different velocity. Velocities 
approaching closely to that of-light are recorded in some instances. 
Their range is considerably longer, on:awerage than that of alpha- 
particles, varying in air between 1 cm and 900 cm, depending on their 
initial velocity. The maximum energy of beta-particles varies het- 
ween 3.2 X 10-14 and 5.4 x 10-33 joule. 

Gamma-rays are very short electromagnetic waves with 
a wavelength less than one angstrom unit (10-® cm). They have 
both mass and quantum energy. Their quantum mass is inversely 
proportional to their wavelength: 


h 
m=, W -sec?/m? 


where f = wave frequency 
h = Plank’s constant (6.62 x 10-34 W-sec?) 
Vo = velocity of light in m/sec. 
The higher the quantum energy of gamma-rays, the shorter is their 
wavelength: 
‘ W=hf 


The energy of gamma-quanta may vary from 8 X 10°} to 4.8 x 
x 10-18 joule; for the radioactive isotope of cobalt Co® it is 1.8x 
x 10-1 to 2.4 x 10-# joule. 

The penetration of gamma-rays through materials is very high. 
A beam of the gamma-quanta of radioactive cobalt is attenuated 
by 50 per cent by a layer of lead only 1.6 cm thick, or of aluminium 
42 cm thick. 

The radioactivity of rocks is measured in curies, rutherfords, 
gram-equivalents of radium per gram of rock, etc. The curie is the 
radioactivity of a substance equal to the number of atomic disinte- 
grations per second of one gram of radium (3.7 x 10° disintegrations 
per sec). The rutherford corresponds to the radioactivity of one gram 
of rock undergoing 10° disintegrations per second. 

The radioactivity of rocks is determined by the intensity of their 
radiation. In applied geophysics radiometers, scintillation counters, 
etc., are employed, instruments that detect radioactive radiation 
and provided with counters of gamma-quanta and alpha- and beta- 
particles ejected from the sample of rock being studied. 

The radioactivity of rock is given as a percentage amount of ura- 
nium and ‘is calculated from the following formula: 
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where m, and n, = number of particles emitted every minute 
respectively from the rock sample and the 
standard 
G, and G, = weights of the rock and the standard respecti- 
vely, in grams 
a = weight of uranium in the standard substance. 

Effect of Gamma-Rays “on Rock. Gamma-rays can be generated 
in the same way as X-rays by bombarding an anticathode (target) 
with fast electrons; radioactive elements are the most convenient 
source. 

In passing through matter, gamma-rays, like X-rays, are partly 
absorbed and partly scattered, but scattering predominates and the 
ouerey lost in this way constitutes about 90 per cent of the total 
oss. 

Gamma-rays are used as well as X-rays in metallurgy to detect 
flaws. Studies have shown that they can be employed in the bene- 
ficiation of coals, a method based on the existence of a relationship 
between the degree of attenuation of gamma-radiation and the mine- 
ral content of the coal. 

Gamma-rays are also employed in the remote control of machines 
and automation of production processes, for example, to regulate 
the movement of mining machinery within the limits of coal seams. 
The source of gamma-rays (usually a radioactive isotope) is placed 
on a cutter-loader near the floor of the seam along which the machine 
moves. Gamma-rays are directed onto the coal. Their degree of 
scattering is inversely proportional to the density of rock. A Geiger 
counter at the front of the machine detects rays reflected from the 
coal-rock interface. The thickness of the coal seam can be judged 
from the number of gamma-quanta detected by the counter and the 
movement of the mining machine regulated accordingly. Instruments 
of this type can measure seams as thin as ten centimetres with 
an accuracy of +1.3 cm, and work successfully in seams 0.79 m 
thick. 

The dependence of the absorption of gamma-rays on the density 
of the material is used to measure rock density in a mass. The absorp- 
tion coefficient 0 is usually directly proportional to specific gra- 
vity Yo: 

B= OV 


where @’ is a parameter dependent only on the radiation energy. 

To determine specific gravity the intensity of the gamma-radia- 
tion emitted from source J, and its intensity after passing through 
a layer of rock of thickness J are aati Then 


v= gy ne fF g/cm? 
16* 
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The energy of gamma-quanta greatly exceeds the quantum energy 
of long electromagnetic waves. The processes of interaction between 
quanta and rock particles therefore lead to significant physicochemi- 
cal changes in the latter. 

Electrical strength of rock salt, for example, changés when irra- 
diated by gamma-rays in a way that depends on the duration of 
action, the curve first rising and then falling smoothly. 

The microhardness of Rochelle salt is considerably reduced. by 
gamma-radiation (at 40 to 50 million r by up to 35 per cent), and 
its heat capacity falls. The thermal conductivity of rocks is reduced 
while their electrical conductivity rises. The melting point of gamma- 
irradiated graphite falls. All these changes are accounted for by the 
disturbance of their crystal lattices caused by gamma-quanta. 

Effect of Neutrons and Other Elementary Particles. Neutrons are 
uncharged particles of the atomic nucleus with a mass of 1.6747 x 
x 10-*4 g. To obtain a flux of neutrons, polonium-beryllium sources 
are used. Special neutron generators can create a very powerful 
beam of neutrons with energies of 2.2 x 10-1 joule or more. Neu- 
trons are obtained by bombardment with accelerated nuclear parti- 
cles. 

Being uncharged, neutrons react weakly with electrons, and there- 
fore do not cause ionization (ejection of electrons from atoms) 
directly and freely penetrate matter. Any nuclear particle, while 
moving in a solid, encounters either electrons or atomic nuclei. 
In the first case electrons are ejected from atoms and the latter are 
ionized. In the second case atoms are knocked out of the crystal 
lattice and the nucleus itself is excited. The knocking out of ele- 
ctrons gives rise to photoelectric effect and increases the conducti- 
vity of semiconductors and dielectrics. The excitation of nuclei 
by neutrons leads to their disintegration and the.emission of gamma- 
rays, alpha-particles, protons, and electrons. 

To displace an atomic nucleus from its lattice point, an energy 
around 4 x10~-18 joule is required. If the energy transferred is much 
higher than that, then the nucleus itself becomes capable of displa- 
cing neighbouring atoms. As a result, microscopic sites in the crystal 
lattice may be disturbed and fused. Prolonged irradiation can lead 
to alteration of the properties of minerals and rocks. 

In some crystals a neutron flux of 101” neutrons/cm?-sec generates 
around eight joules of heat. In addition, structural defects are seen 
in their lattice after neutron irradiation, as a result of which their 
density is lowered. The density of quartz, for example, is reduced 
by 15 per cent and that of diamond by 4 per cent. Some crystals are 
disrupted by the action of neutrons, while others (viz., NaCl, KCl, 
NaBr, and KBr) become harder, their hardness increasing in depth 
with increase of the period of irradiation. The ultimate strength 
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of rock-salt crystals, after irradiation by a neutron flux of 1.8 x 10% 
neutrons/cm*-sec intensity, rises from 20 to 64 kg/cm*®. Quartz 
crystals lose their crystal structure; their thermal conductivity 
is reduced, and their magnetic properties changed; and the crystals 
themselves are transformed from a diamagnetic to a paramagnetic 
state. 

The effect of a beam of microparticles on rocks is employed to stu- 
dy them and to prospect for useful minerals. 

Neutrons are decelerated most effectively by hydrogen nuclei, 
since the mass of hydrogen is almost the same as the mass of a neu- 
tron. The amount of hydrogen in rocks varies with the different 
types. For example, there is much more hydrogen in rocks, like 
gypsum, containing water of crystallization, than in other types, 
‘ arte that helps to identify rocks in the investigation of bore- 

oles. 

The amount of hydrogen in rocks is also connected with their 
moisture content. This means that the moisture content or porosity 
of rocks can be estimated by the neutron method, and oil- or water- 
bearing layers discovered during exploratory well investigations. 
For this purpose, a generator and neutron-counter are lowered down 
the borehole. The counter records the velocity and number of neutrons 
returning from the rock after irradiation. Neutrons decelerated 
by hydrogen are strongly absorbed by the chlorine ions that are 
present in large quantity in water, but totally absent in oil. If there 
is oil in a formation, the number of neutrons returning from the 
rock will therefore be considerably greater than that in a normal 
borehole. 

The effect of microparticles on rock is also utilized in beneficiation 
processes to determine and control the amount of metal in lead and 
scheelite concentrates; it is also used to sort out ore, to determine 
the ash content of shales and the weight per cent of a desired element 
in rock, and to sort a flow of crushed material according to chemical 
composition. 


QUESTIONS AND PROBLEMS 


1. What range of electromagnetic field frequencies should be adopted, so that 
a sufficiently reliable signal can be received when irradiating the rock mass 
between two mine workings. The properties of the mass are as follows: e = 12; 
p = 1.0; tan 6 = 0.03. Given that practically no signal can be received 
when the magnetic permeability of the mass rises to 1.28 and tan 6 to 0.06. 
The distance between the two workings is taken as 200 m. 

2. Using the most frequently encountered values of the physical constants 
of rocks, determine the minimum and maximum values of the effectiveness 
criterion II, of electrothermal breakdown of rock. How will the period of 
breakdown change with variation of II,? 
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5. 


. Measurement of the dielectric constant of ferruginous quartzite (bands of 


magnetite and quartzite) shows that e,, = 18 parallel to the bedding and 
e, = 8 perpendicular to it. It is known that e of pure quartzite is 6. Deter- 


mine e of magnetite and the approximate percentage (by weight) of iron 
in the ore. 


The dependence of the electrical conductivity of a rock on temperature is 
given by the formula 


0.4 1 
p=t0tex (—r) » Sanam 
At what temperature is thermal breakdown possible if U = 100 b, the diame- 
ter of the electrodes is 400 mm, the thickness of the layer being broken is 


20 cm, and the dependence of heat loss (to the sides) on temperature (°C) 
is as follows: 


Qy=2.4-+0,2 (T—100), J/sec 


By irradiating a rock mass with electromagnetic waves at two different 
frequencies, corresponding absorption coefficients were determined: 


0,=9% 10-8 1/m at f,=—102 Hz and 
O.=2X10-5 4/m at f,=108 Hz 
Calculate e and p for the given mass, 


CHAPTER VII 


INTERRELATION 
BETWEEN PROPERTIES 
AND PHYSICAL PHENOMENA 
IN ROCKS 


1. General Interdependence 
of Rock Properties 


As has already been mentioned the properties of rocks, given the 
same external conditions, are completely determined by their 
‘mineral composition and structure. 

Alteration of any internal factor, for example, mineral content 
or mode of occurrence, affects practically all the properties of a rock. 
Similarly, a variation of all other properties can be assumed if the 
variation of any one property has been ascertained. Thus it is evident 
that the physical properties of rocks must be studied as a complex, 
in inseparable unity, and not isolated from one another. In the study 
of rocks it is most important to establish the relationship between 
their properties and the internal and external factors determining 
them, as these relations enable us to reveal the cause of anomalies, 
ascertain the contribution of all the factors to the formation of the 
properties of rocks, and to calculate, without conducting special 
experiments, the probable properties of various rocks in different 
conditions. The main obstacle to establishing the relationship bet- 
ween properties and internal factors is the absence of quantitative 
characteristics in the indices of mineral composition and structure. 
Quantitative estimates of the shape of pore spaces and mineral 
grains have still not been obtained, so that it is difficult to formu- 
late a general quantitative index of mineral composition. 

Therefore there are quantitative relations only between properties 
and such constitutional parameters as total porosity, the grain size 
of crystals, thickness of seams, etc. (that is, parameters that can 
be expressed quantitatively), and between properties and the per- 
centage of any one major constituent in mineralogically identical 
types of rocks. 

Let us imagine certain quantitative indices of mineral composi- 
tion M and constitution C. Assuming that the group of rocks being 
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studied has the same mineral composition M but a different C, we 
may write (given constant external factors): 


r= Xof’ (C) 
y= Yof" (C) 
where t) and yp = physical parameters of rock at a certain initial 
value of C = C, (if C = P, then P = 0) with 
the given mineral composition 


zx and y = sought values of these parameters at the given 
value of C. 


_ 1 om __ Yo sIV 
As C= 1 7r(2), so y= FM (a), 


Thus we obtain an equation connecting two variables, the para- 
meters x and y at constant M. 

Assuming that C is constant for the given group of rocks and equal 
to Co, and that M varies considerably, we may then write: 


y= A’g’ (M) a, 
Yo = A’p" (M) ys 


Yyo= A”GlY (29) 
where x, and y; = certain constant quantities at definite M 
A’, A", and A” = certain constants. 
This equation also gives the relation between two properties 
at constant C. 
Substituting zx) in the previous equation, we get 
x= A’f’ (C) 9’ (M)-24 


y=A'f'(C) 9" (M)-Yo 


or 





Since 
Caaf (M, 2) 
then : 
y = Bf’ (M, z)9"(M) 
where B is a certain constant: B = vei : 


This equation has an indefinite character; therefore it is not 
possible to establish a generalized relation between two properties 
in a group of rocks with randomly varying mineral composition and 
structure. 


If it is assumed that g’ (M) ~ 9” (M), then 
y = xf" (C)-B’ 
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and if, in this case, 
(OC) f'(C) 


then 
y — B’ “x 


Thus the relation between two properties is fully determined 
only in the last case. In the preceding one only a certain range 
of variation of z-y dependence can be 
plotted for known limits of variation of C. 

On the basis of the analysis of the rela- 
tionships between properties, the following 
general conclusions may be drawn: 

(a) in any case there are two principal 
instances of dependence of rock properties, 
namely, dependence on constitution (i.e., 
structure), and dependence on mineral 
composition; : ; 

(b) the interdependence of properties is Fis. hetero e of ihe 
derived from these two principal cases of ns easton canes 

: : of two properties y=zf"(C) 
dependence; for each pair of physical para- const at various values 
meters there may be two equations—one _ of structure C, and Cz. 
showing the relationship between the proper- 
ties when mineral composition varies, and the other the same 
relationship when structure varies;* 

(c) a sufficiently close interdependence can be found between two 
parameters of any arbitrarily chosen group of rocks only when their 
relationships are identical both as regards structure and mineral 
composition; 

(d) if each of the two parameters has the same relationship only 
as regards either structure or mineral composition, then only the 
range of variation of one parameter with variation of the other can 
be ascertained (Fig. 109); 

(e) the relationship established between the two properties is most 
reliable in that case when a group of rocks with considerably varying 
structure but almost constant mineral composition is studied, 
or conversely, when a relationship is established between each para- 
meter and M (at constant C). 

These considerations are true only for properties that are functio- 
nally independent of each other. Otherwise there is no need to deter- 
mine both parameters, as one can be calculated from the other from 
the known correlations. 





* If partial parameters are considered instead of the generalized parameters 
of M and C, then it is possible to establish a large number of relationships 
for each pair of properties. 
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The role of crystal lattice structure and chemical composition 
in the establishment of interdependences between rock properties 
is exactly the same as their effect on the properties themselves 
in the cases already considered. These parameters are characteristic 
only of minerals and of the interdependence of their properties. 

According to Vorobiev’s research (1960-61), the basic properties 
of ionic crystals are connected with their lattice energy. With 
increase of the latter there is a rise in the modulus of elasticity, 
mechanical strength, thermal conductivity, dielectric losses, the 
electronic component of permittivity, heat capacity, and the coef- 
ficient of thermal expansion of crystals. Thus mutual relationships 
between these properties can be established in ionic crystals from 
their chemical bonds. 

It is not possible to establish interrelations between the proper- 
ties of rocks from their lattice structure because of the large diver- 
sity of their mineral content and macrostructure. Moreover, rock 
is a mechanical mixture of minerals and contains many disturbances 
and inhomogeneities. The relationship between properties, establi- 
shed experimentally for minerals, is therefore only applicable 
to rocks when both the rock’s properties can be calculated additively 
from the properties of its constituent minerals (i.e., in the case 
of scalar parameters). 

In fact, if 


Lm=A+Ym 
m . 
Yr = » YiVim 
i= 
™ . 
Lp = 2 x Vins 


then, substituting the value of z, in the last equation, we obtain 
try =B-y, 


As, however, there are no general indices of mineral composition 
and structure, so in practice some partial structural or composi- 
tional index is used to establish the interdependence of properties. 
At present these relations are studied within the limits of some one 
mineralogical group. With such an approach one may discover the 
relation between properties due to the variation of rock structure. 
Most existing interdependences of properties are based on the change 
in the porosity of the rocks of one mineralogical group, since almost 
all rock properties depend essentially on porosity. On the strength 
of that a mutual relation is possible between the properties of rocks 
of more or less identical mineral composition. Thus, if the ultimate 
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compressive strength 0,9m and Young’s modulus £ depend on poro- 
sity, 
Ocom = Som (1—A’P) 
E=E,(1—A’P)? 
we may then write 
8m (1—A’P)? 
Scom = EF GaP 
If A’=A” and 
Sco = constant = vo, 
0 
Ocom = Vo 


That means that for rocks of the same mineral composition there 
must be a linear relationship between Ogom and £ on the basis of the 
porosity index. But since both parameters depend not only on poro- 
sity but also on other constitutional indices, their dependence 
is only approximate and correlative. It is impossible to obtain 
a functional dependence between the properties even when mineral 
composition and other structural parameters are completely identi- 
cal, since the physical parameters of rocks depend not only on the 
number of pores but also on their shape. 

If the shape of the pore space changes in the rocks being studied, 
points on the graph are scattered. Their scatter may be significant, 
and conceal the presence of a relation between properties; in practice 
the relationship is therefore not always successfully established. 

When the range of variation of porosity is relatively narrow, 
it is not possible to establish the interrelation between properties 
from porosity. At present a quite large number of interdependences 
have been obtained for sedimentary rocks (limestones, dolomites, 
sandstones) but many less for igneous and metamorphic rocks which, 
of course, have low porosity. 

Study of the mutual relationships between rock properties pre- 
sents exceptional interest as regards both the practical aspects 
of mining and its theory. 

The correlations derived from analysis of the results of many expe- 
riments are usually restricted by certain limiting values of the 
parameters, beyond which no relationship is observed. In addition, 
these correlations do not yield a unique result for any particular 
property. As it is often advantageous in practice to determine the 
value of one parameter from another, the question therefore arises 
whether it is possible to employ correlations for that purpose. 

Mining, of course, is not concerned with any exact value of a rock 
property but with a definite range of variations of that property. 
Properties determined experimentally are not usually unique, and 
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in a mass the properties of rocks are subjected to considerable fluctua- 
tions even within the limits of one part of a deposit. On these 
grounds unique determination of rock properties is only justified 
in laboratory study of rocks for comparative investigations and for 
studying rocks directly at the face during extraction for automatic 
control of the operating conditions of equipment. In all other cases 
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Fig. 110. Dependence of compressive strength upon apparent specific gravity 
for the limestones from Korobcheyev deposit. 


it is quite good enough to use correlations, especially if they permit 
physical parameters to be computed within the range of experimen- 
tally obtained coefficients of variation. 

The interdependence of properties enables parameters that are 
determined with great difficulty to be calculated from more easily 
determinable ones. It can aid discovery of the properties of a mass 
from the properties determined in samples. It can reduce the number 
of parameters to be studied in every group of rocks and help to auto- 
mate the operation of mining machinery. Variation of properties can 
be studied by means of interdependences in very different conditions 
by recording only one parameter, and new methods of checking 
parameters developed, since variation of one property always leads 
to variation of others in a definite way, and so on. 

Research has established many relations between the properties 
of rocks and their apparent specific gravities. It often happens that, 
in spite of there being no relationship between the properties and 
specific gravity of rocks, a quite clear correlation is found between 
their properties and their apparent specific gravity. This is explained 
by the fact that the property being studied and apparent specific 
gravity depend on one and the same factor, i.e,, porosity. But 
specific gravity, of course, is independent of porosity. 

Since 


y=Yo(1—P) 
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and 


Ocom = Otom (4 on A’P)* 


E=E,(4 


—A"P)? 


we may obtain, by the simplest transformations, 
Ocom = Stom (B + Cy)? 
E=E,(B’ +C'y)? 
where B, B’ and C, C’ are constants. 
In fact, a great deal of experimental data leads to a quadric rela- 


tion between these properties. 


Thus, the following correla- 


tion is characteristic of limestones of the Korobcheyev deposit 


(Fig. 110): 

Ocom = 1, 220y? — 4,160) + 
+ 3,670 ~ 1,220 (y —1.7)? 
The following relation has 

been obtained for limestones of 
the Melekhovo-Fedotovo depo- 
sit (Fig. 141): 

Ocom = 900 (y i 1 .53)? 
and for dolomites 

Ocom = 1,100 (y — 1.7)? 


The relation between Young’s 
modulus and apparent specific 
gravity of carbonate rocks is 
approximately as follows: 


E=7.2 x 105 (y—1.8) 
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Fig. 141. The effect of Viper Ocom for 
the limestones of Melekhovo-Fedotovo 
deposit. 


Since Ogom and E depend on porosity, we can assume, as mentio- 


ned earlier, some relation between them due to porosity. This rela- 
tionship is linear. The following experimental formula has been 
obtained, for example, for Krivoy-Rog formations (martite horn- 
fels, ferruginous quartzites, slates, etc.): 
Ocom = 220E . 405 
For porous carbonates the relationship is as follows (Fig. 142): 
Ocom = 375E . 40-5 
Most experimentally obtained relationships between Ocom and E 
occur in the zone between the following boundary limits: 
Ocom = 600E B 40-5 
Ocom = 200E -1078 
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There is practically no relationship between EZ and Ogom in slightly 
porous granites, quartzites, and sandstones. Thus a general relation- 
ship does not exist between these two parameters for all rocks, and 
the relation is only found among porous rocks of single mineral 
composition. 
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Fig. 112. Relationship between Bie 2 8 module E and compressive strength 
Ocom Of rocks: 
1 — mean line; 2 and 3 — limiting lines, 


Since no clear relation has been established between Poisson's 
ratio and porosity, the relation between Ogom and v also remains 
indefinite. 

Some linear relationships may be found between Ocom and Oten} 
most of the points showing this relation are located in the zone 
bounded by the following straight lines (Fig. 143): 


Ocom = 600ten 
Ocom = 90ten 


A generalized relationship may be calculated between the velocity 
of elastic waves vy and ultimate compressive stress. As is known, 


Eg _41-—v 
=V ete OEHOom | 
If it is taken that the value of v in most rods: ‘varies between 
0.15 and 0.35, then 


1.03 = ¢< <v< <1271f = ¢ 
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Substituting E =Ogom/v), we obtain 
0.550) = y9-10°° <ocom < 0.92) — yo: 10 


Since v»=600 to 200, we obtain the following maximum limits 
of variation of the dependence of Ocom on v:, 


110 = y9-10-° <6com< 550-— yo-40-* 


or ” 
1.12 x 1078v*y) < Ocom <5.6 X 10-879 


where yo is the density in kg/m°. 
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Fig. 113. Relationship between Gcom and Oten of rocks: 
1 — line of minimum limit; 2 — mean line; 3 — line of maximum limit. 


Thus for definite groups of rocks, in which v and yp» vary within 
quite narrow limits, and in which there is a sufficiently close rela- 
tionship between E and O,om on the basis of porosity, a definite 
formula of the following type can be derived: 


Ocom = Bv? 


This Gcom-v dependence has been derived experimentally for forma- 
tions of the Kuzbass: 
45 x 105 
Scom =F i507 — 800 


As can be seen from Fig. 114, this curve is almost quadratic. 

When examining the thermal properties of rocks, certain rela- 
tionships can be established between them. Thus, there is the fol- 
lowing correlation between the thermal conductivity of rocks and 
their apparent#lipecific gravity, established by V. Dakhnov: 


4 = 8.93 x 10-Hy3-1 


where y is their apparent density in kg/m’. 
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In rocks of roughly single mineral composition a clear relation- 
ship is seen between heat capacity (and thermal conductivity) and 
porosity. 

Solving these equations jointly, we obtain 


__4Ao_ /.8\3 
us (€98o)8 (c6) 


Since co and Ay=constant in the rocks with iden tical mineral 
composition, the formula above expresses a certain relation between c 
and A on the basis of their porosity (Fig. 115): 


= B(c6)8 


where B is a certain constant coefficient. 


‘ 


¥, m/sec 
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Fig. 114. Relationship between the velo- Fig. 115. Relationship 
city of elastic waves v and Ogom: between volumetric heat 

1 and 2 — limiting lines; 3 — same relation- capacity cS and thermal 
ship for Krivoy-Rog rocks. conductivity 4% of rocks. 


For rocks with roughly the same mineral composition but diffe- 
rent porosities possible relationships between their thermal and 
mechanical properties can be calculated. Thus a relation can be obtai- 
ned between A and £ (Fig. 116) 


n= [1—B(1-/ Z)] ee 


where B= 1/A. " 

AS ho, Eo and B = constant for a definite group of rocks, this 
formula establishes a relationship between thermal conductivity 
and Young’s modulus of rocks with variation in their porosity. 


on 
= 
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Similarly a relation between 4 and Ogom can be obtained: 
_ —_ prla_ Scom 8 
n= hy [1— BY (4 V 2"-)] 


Since E can be determined from the velocity of propagation 
of an elastic wave (determination of elastic wave velocity is pos- 
sible even in a mass), it is often possible to calculate the thermal 
conductivity of a mass without special measurements. 


(a) 
A, joule/m-sec-C 


(6) 
A, joule/m-sec:-C 
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Fig. 116. Relationship between en ponduetilty 4 and Young’s modulus 
of rocks: 
a — theoretical curve; b — experimental data, 


Similarly one may expect relationships to exist between electrical 
properties. Thus, with increase of porosity, the electrical conducti- 
vity, dielectric constant, and tan 5 of rocks are reduced. So a corre- 
lation is possible between these indices in porous rocks of a single 
mineralogical group; with increase of one index a rise will be obser- 
ved in all their elastic parameters. 

From consideration of the porosity of rocks it is possible to find 
a directly proportional relation between Ocom and €, and between 
X and €, since Ogom, & and A fall with rise of porosity. 

If a rock is considered from the point of view of its mineral com- 
position, for example, from the standpoint of the amount of ore 
mineral present when P ~ 0 ~ constant, then an inverse propor- 
tionality maybe established between the quantities o.om and 
¢, since the strongest minerals are, as a rule, dielectrics. A direct 
proportionality can also be found between the quantities A and 
¢, since ore minerals raise both these parameters. 


17—438 
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Interdependences of properties can not only be established on the 
basis of variation of mineral composition or structure but can also 
be ascertained from variations in external factors; but this type 
only applies to rocks of strictly identical mineral composition and 
structure. Thus, for example, as regards moisture content ultimate 
compressive strength O,o9m is approximately inversely proportional 
to electrical conductivity ¢€, and thermal conductivity 4 directly 
proportional to electrical conductivity ¢. 

B 
As regards temperature field (A ~ + » 6 = Coe 7) one may 


accordingly establish that 7 ~ a 


These dependences are important in working out means to control 
the physical properties of rocks. 

Research into the interrelations of physical properties is a funda- 
mental problem of rock physics, and is of special significance when 
combined physical methods are utilized to attack rock, such as com- 
binations of thermal methods with mechanical, hydraulic with 
mechanical, thermal with electromagnetic, and so on, i.e., where- 
ver knowledge of a large complex of properties and their relations 
is required. 


2. Classification of Rocks 
by Physical Properties 


Scientific study of rocks should be conducted on the basis of their 
general classification according to physical properties. Such a clas- 
sification would systematize rocks and their physical properties, 
provide a pattern of distribution of rocks according to physical 
properties, and help to predict the properties and physical processes 
in rocks approximately, without special investigations, by means 
of a description based on it. 

The existing classifications are not adequate to the task of rock 
physics, since they usually do not bear any relation to the properties 
of rocks. The genetic classification widely used at present distingui- 
shes rocks only according to their origin, but origin cannot also 
define the properties of rocks in a unique way. The same applies 
to the classification used in engineering geology, and to the classi- 
fications of igneous, sedimentary, and metamorphic rocks into sepa- 
rate groups on the basis of their mineral composition and textural 
and structural features. 

Partial classifications suitable for production purposes are com- 
monly used in mining; they are based on differentiation of rocks 
according to any single parameter and include the following: 
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(a) classifications on the basis of porosity, apparent specific gra- 
vity, modulus of elasticity, ultimate compressive strength (coeffi- 
cient of strength on Protodyakonov’s scale), hardness, electrical 
conductivity, thermal conductivity, magnetic permeability, etc.); 

(b) classifications on the basis of some technological parameter 
(viz., drillability, blastability, crushability, etc.). 

General classifications are not generally related to the physical 
properties of rocks whereas partial classifications are solely concer- 
ned with concrete physical properties. The general type are quali- 
tative classifications of mineral composition and structure, while 
partial ones are quantitative classifications based on isolated 
properties without consideration of the factors determining them. 

In a generalized classification based on physical properties, rocks 
must be so differentiated that each group is characterized by well- 
defined limits of variation of all properties. The simplest solution 
would be to find some index on the numerical value of which all 
rock properties would depend uniquely, but such an overall index 
is impossible to find because classifying features that are different 
in principle underlie the general and partial classifications used 
by, and essential to, miners. No parameter of mineral composition 
or structure, or any combination of these parameters can serve 
as such an index because of the absence of unique quantitative 
characteristics of these parameters and because of their great diver- 
sity. A particular mineral and a particular structural feature can- 
not in practice be traced in all known rocks. And even when mineral 
composition is, for all practical purposes, identical, the properties 
of rocks may be essentially different, depending on the conditions 
and external factors in which a rock occurs. Nor can any physical 
parameter or combination of parameters serve as this index, since 
properties are functions of mineral composition and structure; and 
no single property required for engineering purposes in mining 
defines uniquely all the other properties of a rock. 

On these grounds there can only be one solution to the problem, 
which is to differentiate rocks into groups according to the main 
factors determining their properties, simultaneously employing cer- 
tain guiding features, above all, mineral composition and structure. 
Consequently the problem lies in the differentiation of all rocks 
according to definite groups of composition and structure such that 
they can serve as adequately reliable indicators of rock properties. 
In this respect the generalized classification must provide a general 
description of rocks and must be in keeping with the tasks of studying 
their essential physical aspects. 

Unlike qualitative classifications, which can only be the founda- 
tion of descriptive sciences like petrography and mineralogy, a clas- 
sification by properties for mining must possess a quantitative cha- 
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racter, as it has to serve engineering purposes and provide the foun- 
dation for a strictly quantitative science, the physics of rocks. 

For mining purposes it is clearly not necessary to select the large 
number of different types of structure employed in geology and 
petrography, as only those types are important that can alter the 
physical properties of rocks within limits of practical significance. 

The principal structural features according to which it is desirable 
to classify rocks are granularity (grain size and degree of sorting, 
that is, the proportion of each grade size present), porosity (total 
volume of pores), stratification, and amorphousness. Such a scheme 
of types of structure can be generalized. 

Rocks are a mechanical mixture of minerals, which may be either 
statistical (uniform distribution of minerals) or matrix-type (por- 
phyritic minerals included in the matrix of rock). All rocks can there- 
fore be divided into statistical and matrix systems; but in doing 
so, not only the distribution of minerals but also that of pores must 
be considered, i.e., a rock can be regarded as matrix if, like a mat- 
rix, it includes pores or voids. 

Statistical mixtures are evaluated according to the size of grains 
and pores and the range of these sizes. Amorphousness can be exclu- 
ded from the classification as a structural feature since a mineral 
in the amorphous state has a different name from that of the chemi- 
cally identical mineral occurring in the crystalline state. Amorphous- 
ness is therefore evaluated by mineral composition. 

Two groups are distinguished in matrix types—isotropic and 
anisotropic. A group is isotropic when its inclusions or voids are 
almost spherical in shape. The rocks in this group, like those of sta- 
tistical systems, are isotropic in their properties, and their texture 
is evaluated by the size of grains and pores, by the degree of sorting, 
and according to the size of inclusions. 

The anisotropic group consists of matrix systems in which inclu- 
sions, voids, or weak zones are elongated, either in one direction 
(linear) or in two (planar). In the first case the ultimate form of stret- 
ching is a vein, channel-like porosity, etc., and in the second case 
lamination, fissuring, etc. The anisotropic group is therefore subdi- 
vided into two subgroups: layered and veined. Their texture is asses- 
sed according to grain size and the range of grain sizes, and according 
to the dimensions of veins, channels, layers, etc., and their frequency 
in a unit volume of rock. 

All these indices can be expressed quantitatively. 

As mentioned above, rock properties are most significantly affected 
by two minerals, one the dominant mineral (which either is quanti- 
tatively abundant or forms the matrix of the rock) and the other 
one that has properties sharply differing from those of the first. 
The combination of these two minerals determines the basic proper- 
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ties of a rock within limits of accuracy that are practically signi- 
ficant. 

From what has already been said the most important minerals 
in rocks are quartz, ore minerals, carbonates, argillaceous aminerels) 
halides, the feldspars, the pyroxenes, and olivine. 

An example of such a classification is given in Table 16. It is not 
adequate for practical purposes, since clear enough relationships have 
not yet been established between rock properties and internal fac- 
tors. 

Classifications must go hand in hand with an appropriate recor- 
ding of the properties studied in the form of a mining certificate. 

There are now more than 80 different properties of rocks that 
have been described in the literature. But since relationships exist 
between them there is no need to study them all. In rock physics 
only 12 to 15 principal parameters are selected for very detailed 
study, and their investigation is sufficient for a complete description 
of a rock as a physical object. 

For mining certificates, only those properties of rocks are used 
that do not depend on one another and are initially and most fre- 
quently employed in calculations (see Table 2). The idea of certi- 
fying the properties of rocks is to record their principal physical 
properties compactly and with a degree of accuracy sufficient for 
practical purposes. Mining certificates facilitate the systematization, 
classification, and processing of data by computers. The information 
they provide is quite adequate for most practical calculations, and 
the basic properties covered make it possible to derive indices, like 
Protodyakonov’s coefficient of strength, from known formulas. 

The form of a mining certificate given in Table 17 includes their 
petrographic determination and a complex of basic physical proper- 
ties sufficient to define the rock as a physical object. The petrographic 


TABLE 17. Mining Certificate of Rock 
| 





Condi- Ultimate 
‘ Ultimate |Young’s Pois- . 
ton | >| | SOM, tensile | modu sous | Pesrical and magne 
as P strength! lus | ratio prop 
rock | % strength 
bo 
a Mechanical properties 
“4 . 138 7 
S ek * Thermal properties eee Pee Mag 
‘| con- 3 i Thermal Coef nian of fee Gan: sanmie: 
tent | 3 | a |, + herma i e vit stant | abilit 
I a, 3 | condu- Specific linear expan- ” : 
s a’ | & | ctivity sion 
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determination includes nomenclature (name of rock), designation 
of basic structural characteristics (stratification, granularity, and 
amorphousness), mechanical state (degree of disturbance), and 
presence of moisture. The name of the rock is written in words 
in the first column. In the second column a fraction is inserted, the 
numerator of which shows the mechanical condition of the rock 
by means of the letter S (stratification) and a numerical index of its 


TABLE 18. Internal Condition of Rock 
Mechanical Condition of Rock 





Group 
Group Condition designa- 
tion 

Hard and cohe-} Massive ........ | 0 
rent Weakly fractured ... 4 
Strongly fractured 2 
Friable Coarsed>100 mm... 3 
Medium d= 10 to 100 mm 4 
Fine d=1 to 10 mm.. 5 
Very fine d<i mm 6 


Structure of Rock 


Granularity Index 
Equigranular. . . 4 
Inequigranular . . 2 


Amorphous (glassy) 3 





degree of granularity (see Table 18), while the denominator indicates 
the moisture-content group of the rock (the moisture-content index 
is divided into five groups—see Table 19). If this property of the rock 


TABLE 19. Estimation of Moisture Content 


of Rock 
Moisture content | 
group 0 1 2 3 | 4 














Moisture content, 
+ Sea a eee 0 1-5 | 6-10 | 11-20] > 20 
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has been determined in the frozen staie, this fact is indicated in words 
beside the name of the rock, together with the temperature range 
at which its properties were measured. 

All the other indices of physical properties are divided into ten 
groups numbered from 0 to 9; the range of variation within each 
group is selected with due regard for the limiting values of the para- 
meter and the coefficient of variation; as a result the intervals in the 
divisions are not equal. The higher the group number, the greater 
is the value of the parameter. 

In the next two columns on the proforma the group numbers for 
density and porosity are entered (see Table 20). Then follow four 


TABLE 20. Grouping of Density Parameters 


Apparent specific 











gravity (density) | Group Porosity, % Group 
¥, g/cem3 
under 1.6 0 0-2 0 
1.6-2 1 2-4 4 
2.0-2.4 2 4-6 2 
2.4-2.6 3 6-8 3 
2.6-2.8 4 8-10 4 
2.8-3.0 5 10-14 5 
3.0-3.4 6 14-18 6 
3.4-4.0 7 18-26 7 
4.0-5.0 8 26-40 8 
over 5.0 9 over 40 9 


columns in which fractions are entered. The numerators here rep- 
resent mechanical properties, namely, ultimate compressive strength, 
ultimate tensile strength, Young’s modulus of elasticity, and Pois- 
son’s ratio (see Table 21). The denominator represents thermal pro- 
perties, namely, thermal conductivity, specific heat capacity, and 
the coefficient of linear expansion (see Table 22). 

The last three columns give the electromagnetic properties of the 
rock, namely, its electrical resistivity, dielectric constant, and mag- 
netic permeability (see Table 23). 

The number of parameters of individual properties (mechanical, 
thermal, electromagnetic) and of natural and structural indices 
to be included in a mining certificate can be increased if necessary. 
Its form easily allows this to be done. 


2. CLASSIFICATION OF ROCKS BY PHYSICAL PROPERTIES 265 


TABLE 21. Grouping of Mechanical Parameters 


Ultimate Ultimate 


compressive tensile Young's ; 
aia Group a ane Group Ee10~2 Group eae % 8 | Group 
kg/cm2 kg/cm2 ke/em 

under 100 0 0-10 O | under 0.9 0 |under0.13 0 
100-300 4 10-30 4 0.9-2.5 4 |0.13-0.47 4 
300-500 2 30-50 2 2.5-3.5 2 |0.17-0.24 2 
500-700 3 50-70 3 3.5-4.5 3 |0.21-0.23 3 
700-900 4 70-90 4 4.5-5.5 4 |0.23-0.25 4 
900-4, 100 5 90-110 5 5.5-6.5 5 |0.25-0.27 5 

4,100-1,500 6 410-130 6 6.5-9.5 6 |0.27-0.29 6 

4,500-2,100 7 130-170 7 9.5-12.5 7 |0.29-0.33 7 

2,100-2,900 8 170-230 8 | 12.5-17.5 8 |0.33-0.44 8 

over 2,900 9 over 230 9 over 17.5 9 | over 0.41 9 


TABLE 22. Grouping of Thermal Parameters 





Coefficient of 





r n- 
carrier ie ote Group Sree heat o Group Peeion ‘Be Group 
J/m-sec-°C 105 
°C 
under 0.5 0 under 0.25 0 under 0.4 0 
0.5-0.9 1 0.25-0.35 4 0.4-0.6 1 
0.9-1.3 2 0.35-0.45 2 0.6-0.8 2 
1.3-1.7 3 0.45-0.55 3 0.8-41.0 3 
1.7-2.3 4 0.55-0.65 4 1.0-1.4 4 
2.3-2.7 5 0.65-0.75 5 1.4-2.0 5 
, 2.7-3.3 6 0.75-0.85 6 2.0-3.0 6. 
3.3-4.7 7 0.85-1.15 7 3.0-5.0 7 
4.7-7.3 8 4.15-1.65 8 5.0-7.0 8 
over 7.3 9 over 1.65 9 over 7.0 9 





Thus the results of investigation of properties of rocks can be recor- 
ded as follows (the position of figures corresponding to the columns 
on the certificate): 
for granite 


granite 2 2 39 8.453 ot a 634 
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for frozen clay 


° 2,334 
clay T= — 20 cS 97 2384 aT 441 


for coal 


285 4,113 
coal — 04> 3 280 


for loose gravel 


gravel 4a 97 a 441 


TABLE 23. Grouping of Electrical and Magnetic Parameters 




















Electri i- 
st vity Sug Pisloctrie com: Group Magnet et Group 
under 10-8 0 under 4 0 under 1.0 0 
10-3 to 10 1 4.1-6.0 4 1.0-1.004 1 
. 10 to 108 2 6.1-8.0 2 1.001-1.04 2 
103 to 105 3 8.1-10.0 3 1.04-1.10 3 
108 to 107 4 10.1-12.0 4 1.4-1.5 4 
107 to 109 5 12.1-14.0 5 1.5-2.00 5 
109 to 1011 6 14.1-16.0 6 2.0-2.5 6 
1011 to 1018 7 16.1-20.0 7 2.5-3.00 7 
1013 to 1017 8 20.1-26 8 3.0-3.5 8 
over 1017 9 over 26 9 over 3.93 9 


3. Problems for Further Research 
in Rock Physics 


The physics of rocks and mining processes bear little resemblance 
to such well-known branches of geology as petrography, mineralogy, 
and crystallography. It is closest to solid state physics, the feature 
distinguishing them being the applied character of rock physics. 
All studies of rock physics have a definite purpose—to discover ways 
and means for the most profitable extraction of minerals. 

Rock physics embraces the main divisions of general and solid 
state physics. Rock physics also embraces study of the internal 
characteristics of formations, i.e., their mineral composition and 
constitution but this field does not duplicate petrography and mine- 
ralogy, as the usual and accepted description of rocks in geology 
(especially of texture and structure) is complicated and contains 
information of little significance as regards the properties of rocks 
or mining. Moreover, these characteristics are not expressed quanti- 
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tatively. In rock physics only those internal parameters are conside- 
réd that affect the properties of rock most significantly, which makes 
it ee to express the petrographic description of rocks mathema- 
tically. 

In addition to internal factors (viz., mineral composition and 
constitution), rock physics studies the effect of external fields on the 
properties of rocks, and also the quantitative relations between 
these properties and all their determining factors, deriving interre- 
lations between the properties from the dependence of these proper- 
ties on internal and external factors. Thus, study of the properties 
of rocks is carried on continuously in dialectical unity. 

There are many extremely diverse methods today for studying 
the physical properties of rocks, but the properties determined 
by them are often incompatible. The aim of rock physics, therefore, 
is also to find common methods for studying rock properties. The 
main requirements of such methods are as follows: 

(i) the possibility of determining properties from large speci- 
mens; 

(ii) determination of the maximum number of properties from 
a minimum number of samples; 

(iii) the maximum combination of operations on a single specimen 
to determine different properties (overall determination); 

(iv) determination of properties in the conditions of different 
external fields (viz., material, mechanical, thermal, electromag- 
netic). 

The essential aim of rock physics is to devise methods for deter- 
mining physical properties in rock masses. 

Study of the physical properties of minerals is of the prime impor- 
tance, but great difficulties are encountered in this respect, as the 
dimensions of rock-forming minerals are generally small. Existing 
methods do not enable many physical parameters to be determined 
in such small volumes; therefore a most important task of rock phy- 
sics is to work out methods for determining properties from the small 
volumes of minerals. 

In addition, it is sometimes difficult to prepare special specimens. 
Rocks may be hard, soft, or friable. The cutting, drilling, or general 
treatment of rock specimens is difficult (as soft rocks disintegrate, 
and hard rocks do not yield to mechanical action). The properties 
of specimens are very often changed during processing, and natural 
selection sometimes occurs, that is to say, only the strongest pieces 
are obtained when preparing samples from soft rocks. In the case 
of sulphur ores samples with a minimum sulphur content are obtai- 
ned. Pieces with a higher content are broken. Consequently, it is 
necessary to devise methods enabling us to determine properties 
in natural pieces of rocks. It would be of the greatest value to establish 
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a series of standard minerals, whose properties have been studied in 
detail, with great accuracy, and within wide ranges of variation 
of external factors. Such standard minerals could help the develop- 
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Fig. 117. Temperature dependences of basic properties of fused quartz: 


a — thermal conductivity; b — heat capacity; c — dielectric constant; d — angle of loss of 
dielectrics, tan 6. 


ment of new techniques, the checking of results, the calculation 
of experimental errors, etc. Fused quartz can be used as a standard 
mineral at the present time, as many of its properties have already 
been studied in differing circumstances (Fig. 117). 
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Thus rock physics has the task of providing mining theory with 
the following: 

(i) certificates of the physical characteristics of all major types 
of rocks and minerals; 

(ii) clear-cut relationships between basic properties and internal 
and external factors, and interdependences between the properties; 

(iii) a scientifically grounded physical classification of rocks. 

Such is the scope of rock physics as regards study of properties; 
but in addition its research must find practical application in mining. 
So rock physics must provide mining technology with the follow. 
ing: 

(i) methods of effective control of physical properties of rocks, 
including their binding forces (and including methods of compac- 
tion, softening, and breaking); 

(ii) methods of calculating the expected effects of various fields 
on rocks and the processes occurring in them; 

(iii) quick and reliable methods of obtaining information about 
the properties and state of rocks in masses. 

Such are the tasks of rock physics in the field of mining. 

The importance and the labour-consuming nature of these problems 
is beyond doubt. Their solution has only just begun. To complete 
it will require much energy and effort by a great many scientists 
specializing in this field. 

But that is not all. The progress of rock physics, in the long run, 
depends on the miners, mining engineers, who are in direct contact 
with production processes, who are planning and designing new 
mines, and who are directing the work of mining enterprises; 
it depends above all on those who are acquainted with this science, 
and interested in the development of physical trends in the winning 
of minerals, and who are keen in their work. 


QUESTIONS AND PROBLEMS 


41, It has been established from study of dolomites that volume heat capacity 
depends on porosity 


cy =1.8 (1—P) 


At the same time it is known that the ultimate compressive strength of 
rdolomites depends on their apparent specific gravity 


Scom = 1,100 (y —1.7)2 
Calculate the correlation between the ultimate compressive strength and 


heat capacity of rocks, given that dolomite has a roughly constant mineral 
composition (density of dolomite yo = 2.9 g/cm3). 
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2. In ferruginous quartzites increase in the amount of magnetite leads to a rise 
in their magnetic susceptibility: 


1.3V e404 —*# = 0-4 


At the same time, increase in the amount of magnetite increases the 
velocity of an elastic wave in the ore: 
v=5,600-++ 1,200V pes, 
Determine the interrelation between the velocity of an elastic wave and 
the magnetic permeability of the rock. 
The porosity of the ferruginous quartzite can be ignored. 
3. Are interrelations possible between the following pairs of rock properties, 
and on what basis? 
(a) electrical resistivity and the velocity of an elastic wave; 
(b) magnetic permeability and ultimate compressive strength; 
(c) specific gravity (density) and porosity; 
(d) apparent specific gravity (apparent density) and dielectric constant. 
4. It is known that the volume heat capacity of minerals cg5y is almost constant: 


J i J 
em3.°C ‘ 
It is also known that the volume heat capacity of rock can be calculated 


from the known values of heat capacities of minerals and their relative 
volume V;: 


coo => 2.2 + 0.8 





C959 = Ba 0 6qV ; 
Verify that the indicated constancy of volume heat capacity is also correct 
for porous polymineral rocks. 
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TABLE II. 


Crystal Systems of Some Minerals 





System 


Triclinic 


Monoclinic 


Orthorhombic 


Tetragonal 


Trigonal 


Hexagonal 


Isometric (cubic) 


Mineral 


Anorthite 

Albite 

Gibbsite (Hyd- 
rargillite) 

Gypsum 

Orthoclase 

Micas 


Diopside 
Anhydrite 
Barite 
Rutile 
Scheelite 
Cassiterite 
Calcite 
Brucite 
Quartz 
Graphite 
Apatite — 
Wurtzite 
Argentite 
Galena 
Halite 
Fluorite 
Diamond 
Sphalerite 


Formula 


Ca{AloSiz0g} 
Na {AlSi30.} 
Al(OH); 


CaSO,-2H,0 

K {Al -Siz0s} 

K(Al, Mg, Fe)3(OH)2 
[A1;Si30g] 

CaHg[Si,0g] 

CaSO, 

BaSO, 

TiO, *#- 

Cawo, 

Sn0O2 

CaCO3 

Mg(OH)2 

SiO, 

Cc 

Ca;(F, Cl)[PO,]5 

ZnS 

Ages 

PbS 

NaCl 

CaF, 

Cc. 

ZnS 


. 








TABLE III. Origin of the Most Important Minerals 
Origin Minerals 
Igneous Olivine Magnetite 

Plagioclases Pyrrhotite 
Hornblende Cassiterite 
Nepheline Wolframite 
Quartz Molybdenite 
Muscovite Pyrite 


Chromite Chalcopyrite 
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Continued 
Origin Minerals 
Metamorphic Wollastonite Chalcopyrite 
Diopside Sphalerite 
Garnets Graphite 
Epidote 
Sedimentary Gypsum Sulphur 
(Exogenous) ydrite Glauconite 
Galena Limonite 
Carnallite Magnesite 
Sylvite Chlorite 
Halite Malachite 
Kaolinite 
Ae, 





TABLE IV. Mineral Composition of Some Rocks 





Mineral content, per cent 


Rock 


acces- 
plagio-| Pfeid~ |quartz| Po; | orm. | mine- | S00. 
spar ral rals 
| 

Granodiorite 58 44.9 | 14.7] 15.3 | O.4 _— —_— 
Granite ...| 20.5| 38.3 | 27.4/43.7]} — | — | 0.4 
Aplite .../ — 65 35 — | —-|— | 04 
Syenite-aplite _ 100 —_— _ — — — 

Gabbro ...| 59 2 4 | — | 34 4°13 
Diorite ...]| 70 2 0.3} — | 22 4 | 4.7 
Monzonite ..| 36 33 4 — | 23 5 | 2.5 


a 


18—438 
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TABLE V. Origin of the Most Important Rocks 








Origin Rocks 
Igneous * 
Acid Granite, granite-porphyry, pegmatite, apie quartz- 
porphyry, liparite | 
Intermediate .| Syenite, diorite, Shireen diorite-porphy- 
rite, porphyry, trachite, andesite 
Basic Gabbro, gabbro-porphyrite, diabase, basalt 
Ultrabasic Peridotite, dunite, pyroxenite, hornblendite, picrite- 
porpierite, picrite 
Alkaline Nepheline syenite, phonolite 
Sedimentary 
Clastic Conglomerate, sandstone, siltstone 
Argillaceous Bentonite, argillite, argillaceous shales 
Chemical and _ bio- Diatomite, jasper, limestone, marl, gypsum, sylvi- 
chemical nite, coal, oil shale, mineral wax 
Metamorphic 
Regionally metamor- Quartzite, marble, talc schist, gneiss 
phosed 
Contact-metamorphic Skarn, hornfels, amphibolite, quartzite, marble, 
v gneiss 
Pneumatolitically ~ Serpentine, talc schist, beresite, skarn, albitophyre 
and hydrothermally 
metamorphosed 
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Specific Gravity of Some Heavy and Light Minerals 





Heavy minerals 


Cinnabar, HgS 
Argentite, AgoS 


Galena, PbS 
Cuprite, Cu,S 
Cassiterite, SnO2 


Magnetite, FeFe.0, 
Pyrite, FeS. 


Specific 
gravity, 
g/cm 


8 .0-8 
7.2-7 
7.57 
6.14 
6.8-7.0 


4,97-5.18 
4.9-5.2 


| Specific 
Light minerals gravity, 
g/cm3 
Mirabilite, NazSO,-10H,O | 1.48 
Carnallite, KC]-HgCl, - 1.6 
-6H,O0 
Borax, Na,[{B,0;]-140H,0 1.69-4.72 
Halite, NaCl 2.4-2.2 
Allophane, Al,03-nSiO,- 1.85-1.89 
-pH,0 
Opal, SiO. -nH,O 1.9-2.3 
Coal, C 1.17-4.60 





TABLE VIII. Elastic and Strength Properties of Some Rocks and Metals 





Ultimate com-| Ultimate | Ultimate 





Young's : 
Rock or metal | gieteqes | Polson’s | press | strength, | strength, 
kg/cm2 kg/cm? kg/cm? kg/cm2 
Amphibolite 6.3 0.28-0.3 1,700-2,800] 90-120 _— 
Argillite 3.2 0.3 450-1 ,200 —_ — 
Basalt ..... 9.0-12.0 0.24 300-400 _— 175-460 
Gabbro 10.7 0.31 3,100 _ _ 
Granite 5.0-9.0 10-0.31 | 1,000-2,500 | 100-150 | 100-300 
Limestone 4.0-7.0 19-0 .22 900-1 , 200 120 180 
Quartzite 4-10 15-0.19 | 2,900-3,000 | 108-150 | 150-207 
Marble ..... 6.0-9.0 34-0 .40 600-1 ,900 | 60-160 | 240-310 
Sandstone . 0.5-5 19-0.21 350-1 500} 30-100 230 
Quartzitic | sand- 
stone. .... 3-4 0.09 1,200-2,000 | 30-120 — 
Arkosic sandstone 5 0.13 1,300 30 — 
Martite hornfels 8 — 2,900-3,000 | 30-90 —_ 
Quartz-sericitic 
schist. . 2... 1.2-3 0.16 670 70 - 
Coals os. ig Sere es 3.6-6.0 0.14-0.16 200-500 15-25 90 
Aluminium 7.2 0.34 900-1 ,200 
Iron... 26.7 0.28 2,900- 
4,500 
Copper ..... 12.5 0.35 1,500- 
2,000 
Lead.- ete ae 1.66 0.45 420-200 
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TABLE IX. Anisotropy of Mechanical Properties of Some Rocks 





Young’s modulus 
E x 10-5, kg/cm2 


Poisson's ratio 


Ultimate compres- 
sive strength, 





Rock kg/cm2 
Il an I 1 i] 1 
Sandy shales .. 3.03 2.42 0.25 0.16 518 789 
Limestones 6.36 7.25 0.28 0.30 1,510 4,250 
Anthracites ... 0.42 0.54 — 0.13 105 160 
Coarse-grained 
sandstones 1.93 1.73 0.45 0.36 1,185 1,423 
Fine-grained sand- 
stones 3.83 2.64 0.20 0.19 1,597 4,568 
Siltstones 2.67 1.72 0.25 0 506 675 
Brown coal _ 104 235 
Note: || — parallel to the stratification; 


, £— perpendicular to the stratification. 





®. 
7 


ae 
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TABLE X. Statie and Dynamic Elastic Properties of Some Rocks 





Static modu- | Dynamic mo- 








lus of elasti- | dulus of ela- Bale ou pe ee 
Rock _ edo 5, | Eq pens fore dyn | x x 10-5,|  G x 10-5, 
leven? tient Est kg/cm2 kg/cm? 
Sandstone with 
chalcedonic ce- 
ment ¢X 7.30 7.78 1.07 2.30 3.20 
Equigranular dol- 
omite..... 5.05 5.31 1.00 5.24 1.88 
Limestone... . 1.88 2.42 1.29 4.35 0.66 
Calcareous dolo- 
mite ..... 3.49 4.72 1.35 3.70 4.30 
Fine-grained det- 
rital limestone 4.77 5.74 1.20 4.60 1.80 
Granite 6.60 7.40 1.08 4.3 2.60 
Gabbro 7.10 7.50 1.06 5.70 3.60 
Dunite ..... 14.90 16.40 1.03 10.73 5.90 
Syenite 7.40 8.10 41.10 5.40 2.90 





TABLE XI. Angles of Internal Friction, Cohesion 
and Looseness Factor of Some Rocks 
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J Angle of in- Cohesi L 

a 
Sand ....... 32 0.9-5 1.05-4.2 
Fat clay ..... 20 0.85-3.3 4.2-1.25 
Argillite ..... 30 0.4-30.0 1.2-4.3 
Brown coal .... 36 42-35 .0 1.2-4.4 
Hard rocks ..... 45-60 up to 200-300 1.8-2.5 

TABLE XII. Effect of Moisture Content on the Strength of Sandstones 


(after Prof. B. V. Zalessky) 


Average compressive. 





strength, kg/cm2 Coefficient 


Apparent ; ——________}:.of sef ning 

Rock recite | Bares Toa ene ary | im,ibe waver | oat 

g/cm3 state ati ary 

of eonwater Scom 

com Scom 

Metamorphic quartz- 
ites and quartzitic 

sandstones (Karelia) 2.66 0.741 2,970 2,790 0.94 
Metamorphosed quart- 
zitic sandstones 

(Donbass) 2.64 2.64 2,490 2,040 0.82 
Concretionary _ silice- 
ous quartzite-look- 
ing sandstones (the 

Volga Region) 2.43 3.22 2,620 2,480 0.95 
Lenticular siliceous 

quartzite-looking 

sandstones (the Vol- 

ga Region)... . 2.33 5.86 2,370 2,230 0.94 
Veined siliceous quart- 
zite-looking sand- 

stones ...... 2.34 5.57 2,240 2,130 0.96 
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TABLE XIII. Characteristics of Some Argillaceous Rocks 





Natural 











Specific | moisture | Lower Upper | | plasticity 
Rock ity, limit of | limit of 
rs Sgyema’ | content. | iacticity | plasticity | Umber 
Weathered clay ..... 2.67 28.2 23.8 83.3 50.5 
Senonian chalk ..... 2.72 — 18.8 22.7 3.9 
Calcareous boulder clay . . 2.63 16.8 13.5 42.0 28.5 
TABLE XIV. Coefficient of Plasticity of Some Rocks 
: Young's modulus 
Coeffi t of > 10— 
Hock plasticity Ee cna , 
Bentonite .............6.. oo == 
Shaly CIBYS' Vic hte sa hie Si a gi ee 1.7-2.0 0.3 
Argillites and argillaceousshales ...... 1.3-3.3 0.5-0.9 
Fine-grained sandstones ......... 1.7-3.0 2.7-3.5 
Quartzite fw. eee 1.0 7.5 
Siltstones 2... 0... 2... ee ee ee 1.5-2.4 0.6-1.5 
Porous limestones ............ 7.0 2.0 
Dense limestones ............ 2,5-4.5 2.0-4.0 
Gypsum .........02.800024- 1.8-3.7 0.6-1.4 
Anhydrites ...........2..0008. 2.1-4.3 4.8-5.4 
Barvite. 9:5 cogent eh Rae eB Aa as 2.2 2.0 





TABLE XV. Classification of Rocks (after Prof. M. M. Protodyakonov) 











F Coeffi- 
Category Degree of strength Rocks cient of 
strength 
1 The most hard| The most hard, compact and rigid 20 
rocks (tough) quartzites and basalts; other 
exceptionally hard rocks 
Il Very hard rocks Very hard granitic rocks; quartz-por- 15 


phyry; very hard granite; siliceous 
schists; quartzites less hard than the 
above-mentioned types; hardest san- 
dstones and limestones 
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Continued 
Coeffi- 
Category Degree of strength Rocks cient of 
strength 
Ill Hard rocks Granite (compact) and granitic rocks; 10 
very hard sandstones.and limestones; 
quartzitic ore-bearing veins; hard 
conglomerate; very hard iron ores 
Illa Hard rocks Limestones (hard); non-strong gran- 8 
ite; hard sandstones; hard marble; 
dolomite; iron pyrites (pyrite) 
IV eubbciently hard | Ordinary sandstone; ferruginous ores 6 
rocks 
IVa Sulpciently hard | Sandy shales and schistose sandstones 5 
rocks 
Vv Rocks of medium | Hard argillaceous shale; non-strong 4 
strength sandstone and limestone; soft con- 
glomerate 
Va Rocks of medium | Various types of shales (non-strong); 3 
strength compact marl 
VI Sufficiently soft Soft shale; very soft limestone; chalk; 2 
rocks rock salt; gypsum; frozen soil; an- 
thracite; ordinary marl; broken sand- 
stone; cemented pebble and gravel; 
rocky ground 
Via Sufficiently soft | Detrital ground; broken shale; caked 1.5 
rocks pebbles and rock debris; hard coal; 
hardened clay 
VII Soft rocks Clay (dense); soft coal; hard detritus 1.0 
Vila Soft rocks Light sandy soil; loess; gravel 0.8 
Vill Earthy rocks vegan soil; peat; light loam; damp 0.6 
san 
IX Loose rocks Sand; talus; fine grit; heaped-up soil; 0.5 
extracted coal 
X Running ground Quicksands; marshy soil; diluted loess 0.3 
and other diluted soils 
TABLE XVI. Mohs’ Scale of Hardness 
Mineral | Hardness | Simplest method of hardness determination 
Tale ... 1... 1 The mineral writes on paper without scrat- 
ching it 
Gypsum 2 Scratches paper 
Calcite .. 2... 3 The end of a knife can write on the mineral 


without any effort being applied 
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Continued 
Mineral | Hardness | Simplest method of hardness determination 
Fluorite... .. 4 Slight effort is necessary for leaving a scratch 
on the mineral 
Apatite... 2. 5 Can be scratched by a knife blade with con- 
siderable effort being applied 
Feldspar 6 
Quartz ..... 7 
Topaz ..... 8 Leave scratches on knife and glass 
Corundum .... 9 
Diamond .... 10 





TABLE XVII. Technological Properties of Some Rocks 














Contact Absolute Coefficient 
— pia tie renee of brittleness 
| 
Quartzite ...... 290 650-760 0.330 
Granite ....... 239 590 _— 
Jaspilite, fine-grained ... 214 _ 0.500 
Martite ore, compact . . 196 _ — 
Sandstone ...... 82 _— — 
Apatite ....... _ 180 0.120 
Limestone ...... _ 160 0.061 
Marble ........ —_— 230 0.007 





TABLE XVIII. Relative Indices of Hardness, Abrasiveness, 
and Rigidity (Toughness) of Some Rocks 











. z Relative 

Rock oo ame ore eT 
Skarn (Tyrny-Auz) ......... 138 17 
Epidote-garnet skarn . . . 2... . 426 20 : 
Granite ............. 116-114 58-72 1.4 
Sandstone ...........2. 96 100 
Gabbro. .. 1... 1. ee eee 92 14 1.6 
Basalt gear ee ore tte 88 25 2.2 
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Continued 
, ‘ Relative 
Rook hardness | abrasiveness | ,Tifidity 
Labradorite he ty, ail QU auivee eanug 68 415 
Tufflava . 2... 0.2... 2.0 ee 56 4 
Sandstone .........2.6- ‘ 52 30 1.1 
Shale. <3. seek: chi sa. tap Greets aS 52 2 44 
Dolomite ............. 50 4 1.0 
Metamorphosed limestone ..... 50 1 1.0 
Limestone ..........2.6. 40 1 1.0 
Marble ..........202- 40 4 0.7 
Limestone (Tarussky deposit) 20 4 1.0 





TABLE XIX. Classification of Rocks According to Breakability 


(after L. I. Baron) 





Class 


VI 


Characteristic 
of rocks 


The most diffi- 
cult to break 
Very aineult to 


rea 
Difficult to break 


Medium __break- 
ability 


Easily breakable 


Very easily break- 
able 


Rocks 


Skarns, diorites, porphyrites 


Sandstones, jaspilites, quart- 
zites, porphyrites 

Gabbro, galena, sphalerite, bi- 
otite granodiorites, arkosic 
sandstones, hornfelses, tuffs, 
listvenites, peridotites, dior- 
ites 

Granites, serpentinites, syen- 
ite-diorites, limestones, mar- 
bles 

Sandstones, apatite, pyrrhotite, 
wollastonite, barite, marble, 
syenite 

Altered granodiorite, martite 
ore, limestone, granodiorite, 
porphyry 


Yield of fraction 
of less than 7 mm 
as a result of single 
hit on rock specimen 
(8 kgm), cm3 


Vinax <1.8 
1.8<— Vise: 
27 2Vigg ee 


o 


4.0< Vmax <6.0 


6 < Vmax <9.0 


Vinax > 9.0 
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TABLE XX. Seale of Rocks on the Basis of Explosibility 





Rock 





Rock 


Category 


Category | 


Fat soft clay, heavy 
clay, morainic clay, 
slate clay, heavy loam, 
coarse grit 


Marl, brown coal, eyp- V-VI 


sum, tuff, pumice 
stone, anthracite, soft 
limestone, diatomite 


Clayey sandstone, con- 
glomerate, hard marl, 
hard clay shale, marly 
limestone, anhydrite, 
micaceous shale 





IiI-IV 


VII-VUI 


Granites, gneisses, syen- 
ites, limestone, sand- 
stone, siderite, magne- 
site, dolomite, marble 

Coarse-grained granite, 
serpentine, andesite 
and basalt, weathered 
gneiss, trachyte 

Hard gneiss, diabase, 
porphyrite, trachyte, 
granite-gneiss,  dior- 
ite, quartz 

Andesite, basalt, horn- 
fels, hard diabase, di- 
orite, gabbro, gabbro- 
diabase 


IX-X 


XI-XI 


XILI-XIV 


XV-XVI 


TABLE XXI. Unit Consumption of Explosives (Ammonite No. 9) 
; for Charges of Normal Crushing 





Explosive con- 
sumption, 
kg/m3 


0.3-0.45 


0.45-0.6 





Explosive con- 
Category sumption, 
kg/m3 
{ 

IX-X 0.6-0.7 
XI-XIV 0.7-0.75 

XV 0.85 

XVI 0.9 


Unit Force of Cutting of Coals 





kWh/m3s 


Category 
I}I-IV 
vV-vI 0.35-0.55 
VII-VIII 
TABLE XXII. 
Type of coal 
Goal. 03-4 es Ae 
Humic coal 
Hard coal 


Carbonaceous shale 


ee ew ee 


eo 8 oe eo ew 


Resistance to | Specific power 
cutting, consumption, 
kg/cm2 
717-487 7.9-4.89 
109-72 4.45-0.73 
68-44 0.6-0.5 
254-291 2.6-3.1 
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TABLE XXII. Acoustic Properties of Some Rocks, Minerals and Metals 





Rock, mineral or metal 


Basalt 
101 Ea a 
Gabbro ......... 
Granite, medium-grained... 
Gypsum ......... 
Halite 
Diorite 
Limestone ........ 
Ferruginous quartzite 
Quartz ..,....0.0. 
Fused quartz 
Marble 
Sand 


) 


Cr 


rr 


eo ee we ee 
er 
CY 


Cy 


Peridotite 
Hornfels 
Syenite 
Skarn 


Col 2... eee 
Lead) as.0 kok bee se 
Copper 
Silver 2... 2... 


ry 


Apparent specific 
gravity, kg/m3 


2,600 
2,860 

1 ,500-2, 200 
2,900 
2,780 
2,200 


. 2 000-2 ,200 


2,800 
2,300-3 ,000 
3,000 
2,650 
2,650 
2,880 
1 ,400-2 ,000 
2, 100-2 ,900 


2,800 
2,800 
2,710 
2,800-3 , 200 
2,540-2,720 
1,200-1 ,500 
2,700 


Velocity of pro- 
pagation of lon- 
gitudinal wave 


Vp: m/sec 
4,610 
5,400 

4 ,800-2,400 

6,250 (3,380) 

4,350 (2,260) 
4,500 

4500-5 , 500 
4,580 

3, 200-5 ,500 
5,600 

5,225 (3,200) 

5,570 (3,545) 
4,950 

300-4 ,300 

2,000-3,600 
(2,100) 
7,000 
3,640 
4,950 
6,100 
2,250 

4100-2 ,800 

6,260 (3,080) 

2,160 (700) 

4,700 (2,260) 

3,600 (1,590) 


Specific wave 
impedance 
zx 10-5, 
kg/sec-m2 


42.0 
154.0 
27.0-52.7 
181.0 
128.0 
33.0 
90-128.0 
128.0 
73 .0-165.0 
168.0 
138.0 
145.0 
142.5 
4,2-26.0 
42 .0-100.8 


196 .0 
102.0 
134.0 
171-195 .0 
56 .5-61..5 
130-36 .0 
169 
246 
418 
378 


Note: figures in parentheses indicate the velocity of transverse wave, m/scc. 





TABLE XXIV. Thermal Properties of Some Minerals, Rocks and Metals 


Mineral, rock or metal 


Asbestos 
Graphite 
Halite 


Cr ee ee ee 


o 2 8 eo we ew 


Thermal condu- 


ctivity, 
J/m-sec-°C 


0.22 
116-174 
5.37 


Heat capacity, 
J/g-°C 


0.841 
0.67 
0.84 


Coefficient of li- 
near expansion, 


vee x 10-5 


0. 
0.79 
3. 


waa 
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Continued 





Coefiicient of 1i- 
Thermal condu- Heat. couselty; near expansion, 
g& . 





Mineral, rock or metal ctivity, 
J/m-sec-°C og x 10-5 

Gypsum ......... 1.3 0.84-1 .04 0.22 
Dolomite ........ 3.26 0.93 | 41.2 
Calcite: 

parade to cleavage... 3.49 0.84 2.6 

perpéNdicular to cleavage 4.20 0.54 
Kaolinite ........ 0.88 0.94 0.53 
Quartz: 

perpendicular to the main 

AXIS» aces: Sosa ee 7A 0.71 1.37 

parallel to the main axis 12.0 1.0 0.75 
Pyrite... .... shiv Bilecs 38.0 0.54 0.84 
Micas. 223. eras har ek 0.70-0.73 0.87 2.1-3.4 
Sulphur ......... 0.21 0.72-0.74 7.4-8.0 
Fluorite ......... 10.2 0.90 1.91 
Anthracite ........ 0.38 0.95 
Basalt. 224 s.oci es el Se 2 4.25-2 93 0.63-0.89 0.54 
Gabbro ......... 2.0 0.172 
Gineiss:: .. oncse- Sse Me 4.67-3.45 0.174 
Granite (IT = 1.6-2.4)* . . 2.20-4.05 0.55-0.79 0.6-0.9 
Diabase ......... 3.35 0.170 0.54 
Limestone ........ 0.98-2 .30 0.88-1 .04 0.5-0.89 
Quartzite (I=5.2-2.9)* . . 6.28 0.22 1.4 
Marble ......... 1.3 0.42 0.3-1.5 
Sandstone ........ 1.28-4.18 0.84 0.5-4.2 
Martite hornfels ..... 4.,36-4.76 0.60-1 .05 — 
Clay shale ....... 4.55-2.19 0.77 0.9 
Hard coal ........ 0.90-0.50 1.29 _ 
Brown coal ....... 0.25 4.43 —_ 
Aluminium ....... 220 0.89 2.28 
Troms 9 <2 06 ok eats 73 0.45 1.43 
Gold. ween ae a Oe 310 0.13 4.42 
Copper ......... 398 0.38 1.65 
Sodium ......... 412 1.2 74 


* Criterion of thermal drillability I+ 102, cm3/J. 
rr 


TABLE XXV. Melting Temperature 
of Some Rocks 


Rock 


Diabase 
Basalt 
Andesite 
Granite 


T, °K 


1420 
1340 
1370 
1510 














Rock T, °K 
Syenite 1440 
Dolerite 4440 
Gabbro 1320 
Quartz diabase | 1380 





TABLE XXVI. 


Melting Points of Some Minerals and Metals 





Minerals and their melting points, °K 


Amphibole 
Realgar 
Orpiment 
Carborundum 
Orthoclase 
Olivine 
Chalcocite 


Pyrrhotite £ 
Sphalerite .... 
Wurtzite i 
Cinnabar 

Cuprite 

Covellite 


Metals 


Aluminium 


ee 8 we ee 


Molybdenum . . 


1330 
570 
573 

2973 

1440 

1630 

1373 
448 

1913 
588 

2073 

1260 

1293 

2123 
699* 

1508 
376** 


Smithsonite 
Quartz .... 
Wollastonite . 
Halite 
Pyrrhotite 
Marcasite 
Rhodonite 
Magnetite 
Corundum 
Diaspore 

Beryl 


Sulphur 
Graphite 
Calcite 


and their melting points, °K 


933 
1808 
1336 

336.5 

923 
1356 
2873 


eo 2 © © ee 


Antimony 
Zine... 


Titanium 


* The mineral decomposes at this temperature. 
*%* The temperature of transformation of the mineral into another mo- 


dification. 


846 
1713 
1460 
1800 

1430 (973*) 

123** 


1595 
2400 (1810*) 
2323 
633* 
1683 
1853 
1458 
388 


3813 
16410 


A SS 


TABLE XXVII. 


Mineral or rock 


Galena 
Hematite 
Graphite 
Ilmenite 
Cassiterite 
Cuprite 


Anhydrite 
Halite 
Dolomite 
Calcite 
Quartz 
Feldspars 


Argillite 
Basalt 

Clay 

Gneiss 
Granite 
Gabbro 
Diorite 
Diabase 
Limestone 
Sandstone 
Martite ore 
Pyrite ore 
Magnetite ore 
Chromite ore 


Pyroxene horn- 
fels 





Electrical f ; 
resistivity, | Dielectric 
ohm-m 











Mineral or rock 





Electrical - 


resistivity, 
ohm -m 


Minerals having the least resistivity 
(field frequency not more than 10? cps) 


10-8 to 10? 17.9 
10-3 to 104 25 
10-® to 10¢ —_ 
4-10 _ 
10-4 to 104 _ 
10-3 = 
Minerals having 
103 to10! | 5.8-6.2 
10? to 1045 | 5.8-6.2 
103 6.3-8.2 
10° to 10!2 | 3.5-8.5 
1012 to 1014 4.6 
41018 3.5 


Magnetite 
Molybdenite 
Pyrite 
Pyrrhotite 
Chalcopyrite 


high resistivity 


Sulphur 
Siderite 
Micas 
Sphalerite 
Fluorite 


10-5 to 10? 
10-3 to 104 
10-? to 10? 
10-§ to 10? 
10-5 to 10? 


10!2 to 1045 


10 to 403 


10 to 1015 


105 to 10? 


1014 


Rocks (field frequency not more than 10° cps) 


10 to 10? 6-8 
103 to 108 12 

10 to 108 7-12 
102 to 10° 8-15 
10? to 10’ | 4.9-9 
10? to 10° 17.5 
10? to 108 8-9 
10? to10® |14,4-28.5 
10? to 103 8-15 
101 to 108 11-9 
104 to 105 
10! to 10? 

10 to 105 

103 

103 to 104 11.0 


Fine-grained 
limestone 
Quartzite 
Marble 
Quartz-por- 
phyry 
Peridotite 
Sericite schist 
Non-ore-bear- 
ing skarns 
Serpentinites 
Syenites 
Coal 
Phyllite 


105 


10 to 405 
10? to 105 
102 
102 to 103 

104 

10® to 10° 
103 
40? 


to 104 
to 105 


10* to 105 





Electrical Properties of Minerals and Rocks 


Dielectric 
constant 
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TABLE XXIX. Loss Angle (Power Factor) of Some Rocks 
(at field frequency f= 1-10 Meps) 











Rock | tan 6 Rock” tan 6 
Goal ven va dove 8 ek 0.04-0.12 |} Biotite hornfels ..]. 0.03 
Calcite ...... 0.03-0.08 |} Limestone .... 0.02 
Fused quartz ...{ 0.00025 Monzonite .... 0.4 
Fluorite ...... 0.008 Skam ...... 0.08 
Syenite ...... 0.07 Marble ...... 0.002 
Sphalerite ..... 0.2 Granite ..... 0.03 





TABLE XXX. Width of Forbidden Zone in Some Semiconductors 
and Minerals 














Semiconductor ee ee Semiconductgg. Wee teee 

or mineral Q, eV or minera¥. Q, eV 
Germanium 0.72 Microcline .... 1.54 
Silicon ...... 41.42 Labradorite st 0.93 
Indium-arsenic 0.33 Siderite ..... 1.44 
Indium-antimony ' 0.17 Limonite ..... 0.30 
Quartz ...... 1.29 Magnetite .... 0.09 
Halite ...... 2.24 Hematite ..... 0.90 
Calcite ...... 2.19 Pyrite ...... 0.45 


TABLE XXXI. Anisotropy of Electrical Properties of Rocks 





Electrical resistivity p, ohm-m 
Coefficient of 





Rock peel ees | epee) 
PII OL OL 
Clay shale ....... 5x 102 408 "5X 410-38 
Martite ore . 2... 2.84 104 7.71X 104 0.38 
Magnetite hornfels .... 9.15104 13.28x 104 0.69 
Chlorite-biotite schist . . . 3.45x 104 4.4X104 0.78 


Slate: . eh bao ae ee 3.65X 104 10.43 104 0.35 
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TABLE XXXII. Diamagnetic, Paramagnetic, 
4 * and Ferromagnetic Minerals 










Diamagnetié . Paramagnetic Ferromagnetic 

(Bw = 0.999836-1.0) (wu = 1.0064) (mw = 1.0064-6.5) 
Quartz Spinel Magnetite 
Calcite Magnesite Franklinite 
Halite Dolomite Jacobsite 
Orthoclase Pyrolusite Magnesioferrite 
Plagioclases a-Hematite *| y-Hematite 
Limestone Siderite Titanomagnetite 
Gypsum Pyrrhotite Pyrrhotite 
Coal Muscovite Cubanite 
Dolomite Porphyrite Willerite 
Graphite Pyroxene Limonite 
Galena Olivine 
Sphalerite Hypersthene 
Apatite I]menite 
Aragonite Chromite 
Sylvite Air 
Water ie 





TABLE XXXIII. Magnetic Susceptibility x of Some Rocks 


and Minerals 








Magnetic sus- | Magnetic sus- 
Rock ceptibility, Rock ceptibility 
x-106 %- 106 

Marble ..... —0.75 Basalt , 120-2 ,000 
Rock salt —0.82 Magnetite ore . .| 10%4.2x 10° 
Graphite —8.0 Ilmenite . . . . | 2.5X1043x 10° 
Quartz ..... —1.2 Pyrrhotite 5X 104-5 x 105 
Granite rk 80-4 ,200 Hematite ore . . 200-3 ,000 
Pegmatite .... 290-6 ,000 Pyrite 120 
Dolomite 4,600 Iron 7. ww 6.2x 10° 
Gabbro 300-7 , 200 Nickel 3x 108 





TABLE XXXIV. Coefficients of Reflection of Some Minerals 


‘Mineral 


Gold 
Arsenopyrite 
Galena 

Cinnabar 


Coefficient of 
reflection 


—0.84 
0.57 
0.43 
0.27 


| 


Mineral 


Chalcopyrite 
Hematite 
Magnetite 
Chromite 


Coefficient of 
reflection 








19* 


TABLE XXXV. Luminescence of Some Rocks 
and Minerals 





Luminescence induced by 








Rock or 
_ mineral 
X-rays y-rays B-rays Cathode rays 

Diamond Medium | Medium | Weak Medium 
Limestone None None Medium Medium 
Calcite None ° None Medium Medium 
Quartz None None None None 
Feldspar Weak Medium | Weak Medium 
Fluorite Medium | Medium | Medium Medium 





TABLE XXXVI. International System of Units 


7 














quantity | Sympot_| MOCt,treauentiy | , International | Conversion 
sis! t 
Specific gravity (or | Yo g/cm$ N/m3 9.84 108 
density) . 
Apparent specific | Y g/cm3 N/m3 
gravity 
Force F kg (kilogram) | N (newton) 9.81 
Pressure and stress | 0 kg/cm? N/m? 9.811074 
Work and energy | 4, W erg, kgm J (joule) 10-7, 9.84 
Power N W (watt) Ww 4 
Elasticity modulus | £ kg/cm? N/m? 9.81 10-4 
Dynamic viscosity | 1 g/cm -sec N -sec/m? 10-1 
(poise) 
Heat flow q cal/sec W (watt) 4.185 
Quantity of heat | Q cal J (joule) 4.185 
Specific thermal | 4 keal/m-hr-°C | W/m-°C 1.16 
conductivity 
Specific heat c cal/g-°C J/g-°C 4,185 
Temperature con- | @ m2/hr m?/sec 3.6103 
ductivity 
Electric charge Q C (coulomb) Cc 4 
Electric potential | V V (volt) Vv 1 
Electric current I A (ampere) A 1 
Electric field E V/m V/m 1 
strength 
Electrical displace- | D C/m? C/m? 4 


ment (induction) 
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Continued 
Quantity symbol | “sed unite.” | system of Units | “factor” 
Capacitance Cc F (farad) F 4 
Absolute dielectric | e, F/m F/m 1 
permittivity 
Electrical polariza- | P C/m? C/m? 4 
tion 
Polarizability _ a F -m? F-m? 1 
Specific electrical p ohm -m ohm -m 4 
resistance or res- 
istivity 
Magnetic potential | U A (ampere A 4 
or magnetomot-- turn) 
ive force 
Magnetic field | H oersted A/m 0.796 X 102 
strength ™ 
Magnetic induction | B gauss weber/m? 40-4 
or magnetic field 
density 
Magnetic flux @ maxwell Wh (weber) 10-8 
Additional Units 
Energy eV (electron- | J (joule) 4.602 10-19 
volt) 
Length A (angstrom) , | m 40-10 





TABLE XXXVII. Principal Physical Constants 





Absolute zero. .>. | —273.156°C 
Avogadro’s number . . | 6.025 1023 molecules per 
mo 


Boltzmann’ s constant |.4.38034x 40-3 J/°C = 
= 8.621075 eV/°C 


*Plank’s constant . . | 6.6252 10-3 W/sec? 
Velocity of light in 
vacuum ..... 2.9979 108 m/sec 
Electrical constant of 
vacuum ..... 8.8542 10-12 F/m 
Wave impedance of ver , 
cuum ..... “J. | 376.05 ohms 


vacuum ..... 1.257 410-8 henry/m 
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TABLE XXXVIII. Most Widely Distributed Minerals 





Name 


Platinum 


Copper 
Graphite 
Sulphur 


Pyrite 


Galena 
Sphalerite 
Cinnabar 
Wurtzite 
Covellite 
Chalcocite 
Antimonite 
Pyrrhotite 


Cassiterite 
Quartz 
Chalcedony 
Opal 


Hematite (ha- 
ematite) 

Limonite 

Magnetite 

Ilmenite 

Rutile 


Olivine 
Epidote 
Andalustte 


Chemical formula 


ZnS 

Hgs 

ZnS 

Cus _ 
CuS, 
Sb. ib 
Fog’ 
..to FesSy. 


Native 





Crystal system 


Isometric (cu- 
bic) 

Cubic 

Hexagonal 

Orthorhombic 


Sulphides 


Isometric (cu- 
bic) 

Cubic 

Cubic ¢ 

Hexagonal ~ 

Hexagonal 

Hexagonal 

Orthorhombic 

Orthorhombic 

Orthorhombic 


Oxides aff hydroxides 


HFeO 2° nH,O 
FeFe,0, 
FeTiOg 
TiO, 


g, Fe),Si0, 


2(Al, Fe)35i;012(0H) 


Al0 -Al[Si0,] 


+ te 


Sy 







Tetragonal 
Trigonal 
None, amor- 
phous 


Trigonal 


Trigonal 


Tetragonal 


Silicates 


Otihethombic 
Monotlinic 
Orthorhombic 





Specific 
gravity 





13.35-19.0 


8.5-8.9 
2.09-2.75 
2.0% 


4.9-5.2 


7.57 
3.5-4.2 
8.0-8.2 
4.0-4.3 
4.59-4.68 
5.5-5.8 
4.5-4.6 
4.58-4.70 


6.8-7.0 

2.65-2.66 
2.55-2.64 
1.9-2.3 






3.18-3.57 
2.5-3.5 
3.1-3.2 


Remarks 
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Continued 


Specific 


Crystal system gravity | Remarks 








Name | Chemical formula 


Pyroxenes—a 
group of min- 
erals having 
a general for- 
mula: 
(a) Diopsi 
(b) Augité® 
Amphiboles— 
zonal sili- 
cates having a 
general for- 
mula: 
(a) Horn- et 
blende wee 
(b) Tremolite 
Talc Mg3(OH)2Si,019 
Micas—a group 
of alumino- 
silicates of 
sheet struc- 
ture: 
(a) Muscov- 
ite 
(b) Biotite 
Serpentine Mg;(OH),Si205 
Kaolinite Al,(OH),[Siz05] 
Montmorillonite | (Al, Mg)2(OH)e. 
[Si,010]H.0 
Feldspars—a “gt oa 
group of tec- sas 
tosilicates: 
I. Plagiocglasgs-- 
an isom- 
orphous ser- 
ies of albite 
and anorth- 
ite: ae coe. 
(a) Albite | Na[AISi,O,]. 
(b) Labrad- | Na[AlSisOglso% + 
orite + Ca[Al,Si20 g]50% 


3.2-3.38 
3.3-3.6 


Monoclinic 
Monoclinic 


Monoclinic 3.0-3.47 


2.9-3.4 
2.7-2.8 


Monoclinic 
Monoclinic 


-| Monoclinic " 2.76-3.10 
2.69-3.16 
2.58-2.63 
2.58-2.63 
2.04-2.52 


onoclinic 
Monoclinic 
Triglinic 

Ménoclinic 






| 2.68-2.72 
 2,68-2.72 | 


Triclinic 
Triclinic 
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‘Name 


(c) Anor- 
thite 


II. Potash feld- 


spars: 
(a) Orthoc- 
_ lase 
(b) Micro- 
cline 
Nepheline 


Apatite 


Calcite 


Siderite 
Dolomite 


Scheelite 
Fluorite 


Anhydrite 
Gypsum 


Halite 
Sylvite 
Carnallite 


Chemical formula 


Ca[A1,Si.0¢] 


K[AISi;0¢] 
K[AISi3;0.] 


Na[AlSi0,) 


Ca;(PO,)sF 


CaCOg 


FeCO3 
CaMg(COs)2 


CawoO 4 
Ca F. 


CaSO, 
CaSO, -2H,0 


NaCl 
KCl 
K€l-MgCl-6H,0 


Crystal system 





Triclinic 


Monoclinic 
Triclinic 
Hexagonal 


Phosphates 


| Hexagonal 


Carbonates 


Trigonal; rho- 


mbohedral 

crystals 
Trigonal 
Trigonal 


Tungstates 


Tetragonal 

Cubic 
Sulphates 

Orthorhombic 

Monoclinic 
Chlorides 

Cubic 


Cubic 
Orthothombic 


Continued 


Specific 


gravity Remarks 








2.76 


2.5-2.62 
2.54-2,58 


2.55-2.56 


| 3.45-3.27 | 


2.74-2.72 


3.00-3.88 
2.8-2.99 


| 5.88-6.14 


3.18 


2.89-2.96 
2.31-2.33 


2.1-2.2 
1.97-1.99 
1.60 
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Minerals eens 
Aegirine 3.47 
Albite 2.605 
Almandine 4.18 
Augite 3.16 
Biotite 3.10 
Calcite 2.71 
Corundum 4.03 
Diopside 3.28 
Fluorite 3.15 
Halite 2.35 
Hematite 5.10 
Hornblende 3.412 
Labradorite 2.696 
Magnetite 5.47 
Microcline 2.55 
Muscovite 2.79 
Nepheline 2.6 
Orthoclase 2.54 
Phlogopite 2.82 
Pyrite 5.03 
Quartz 2.65 

TABLE XLI. 
Known 
para- 
meters E | 
K,E ~_ 
G, E _ 
E,v — 





E-105, 
kg/cm2 


14.69 
7.54 
24,28 
14.37 
6.97 
8.45 
43 .86 
16.04 
10.97 
3.65 
24.24 
11.02 
8.87 
24 .88 
7.78 
8.04 
7.74 
6.30 
6.80 
26.3 
9.64 











o- 105, K-4105 
kg/cm2 | kg/cm? v 
5.75 | 14.48 0.28 
3.00 5.52 0.27 
9.55 | 14.51 0.27 
5.78 9.5 0.24 
2.79 5.14 0.28 
3.32 7.19 0.28 
17.94 27.72 0.22 
9.36 14.36 0.26 
4,25 8.88 0.28 
41.46 2.48 0.25 
9.34 10.02 0.44 
4,31 8.89 0.29 
3.46 7.87 0.28 
9.2 16.14 0.19 
2.93 5.57 0.28 
3.23 3.32 0.25 
3.412 5.08 0.24 
2.44 5.24 0.29 
2.67 5.59 0.29 
12.5 11.58 0.18 
4.44 3.70 0.085 


Sought parameters 








G v 
3KE | 1 &E 
9K—E | 2 6K 
| 
E 
re | ag! 
| 
_f = 
2(1+%) 








Interrelation of Elastic Properties of Rocks 


g° 108, Vp 103, 
m/sec m/sec 
4.07 7.35 
3.39 6.02 
4.78 8.73 
4,28 7.33 
3.0 5.36 
3.50 6.32 
6.67 | 11.15 
4.40 7.23 
9.68 6.76 
2.50 4.32 
4.27 6.45 

3.72 6.8 
3.59 6.49 
4.22 6.82 
3.38 6.13 
3.44 5.88 
3.45 5.90 
3.09 5.68 
3.08 5.62 
4.98 7.30 
4.03 6.05 

M 

3K (3K+E) 

9K—E 

G (4G—E) 

3G—E 

(1—v) E 


(1++v) (1 —2v) 
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Continued 
Known Sought parameters 
para- 
meters E | K G : | ce 
9KG 3K —2G 4 
K,G 3K+G — — 2@K+G) K+36 
: 3K (4—2v 3K (1— 
K,v | 3K (U—2v) = ate ) 7 9) 
FE, M = 3M — E + wy) 3M -+E—w) E~M+uy 
: 6 8 7M = 
9K (M—RK) 3 3K _—M 
KM WSK ZMK) Sem ; 
(1—2v) (1+-v) (4+v)M | 1—2v _ 
Le fey 3(4—v) Za—w M = 
2G (1-+-v 2G (1—v 
v,G | 26(1+) om = = Sy) 








Note: wy =-+-+ V(M — E) (9M — E), where M is the modulus of one-sided compression, 
equal to the coefficient of proportionality between independently acting longitudinal com- 
pis i ee rack corresponding strains of the unconsolidatcd sample placed in a cylinder 
with rigid walls, 


——— 
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Student’s Coefficients 


TABLE XLII. 
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Gravity prospecting, 48 

Gravity water, 92, 95 

Green vitriol, 44 

Griffith, A., 70 

Griffith’s theory, 70, 128 

Gypsum, 21, 60, 90, 96, 120, 193, 
271, 272, 273, 274, 280, 281, 284, 
285, 286, 291, 296 
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Halides, 18, 21, 239 

Halite, 17, 18, 138, 155, 177, 190, 
271, 272, 273, 277, 285, 287, 288, 
290, 291, 296, 301 

Halloysite, 93 

Hardness, 24, 25, 101, 274 

Mohs’ scale of, 104, 284-2 

Heat capacity, 28, 132, 134, 145-9, 
285-6 

Heat conduction, 124, 133, 134, 135 

Heat conductivity, see Thermal con- 
ductivity 

Heat flow, 133, 134, 140 

Heat resistance, 137, 152 

Heat transfer, 136 

coefficient, 136 

Hematite (haematite), 18, 47, 138, 
ae 203, 271, 288, 290, 291, 294, 

Hodograph, 125 

Hole conduction, 188 

Homogeneity, 22, 29 

Hooke’s law, 57, 108 

Hornblende, 47, 71, 274, 273, 295, 304 

Hornblendite, 274 
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Hornfels, 55, 86, 159, 234, 274, 285, 
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Humic coal, 284 

Hydraulic giant, 98 
Hydraulic mining, 93, 98 
Hydraulic properties, 22 
Hydrodynamics, 90 
Hydrogen, 245 
Hydrohematite hornfels, 86 
Hydrostatic pressure, 31 
Hydrozincite, 242 
Hygroscopicity, 94 
Hypersthene, 294 
Hysteresis loop, 59, 198, 203 
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Ice, 117, 119, 144, 180 

Ice-rock cylinder, 127 

Igneous minerals, 18, 272 

Igneous rocks, 21, 46, 47, 95, 96, 274 

Ilmenite, 288, 291, 294 

Immersion technique, 129, 130 

Imperfections, crystal, 69, 70, 138 

Pores in electrical conduction, 

Impurity conduction, 193, 195 

Impurity electrons, 190 

Impurity ions, 190, 195 

Index of refraction, 110 

Induction eddy currents, 235 

Infrasonic vibrations (waves), 109, 127 

Interfacial polarization, 174, 177 

Interference, 113, 1414 

Interference method, 217, 218 

Intermediate rocks, 21, 274 

Internal factors, 28, 190 

Internal friction, 76 

Intrinsic stresses, 53 

Ionic (polar) bond, 16, 17 

Ionic conduction, 188, 239 

Ionic-electronic conduction, 188 

Ionic polarization, see Atomic polari- 
zation 

Ion-sorption capacity, 91, 100 

Iron ores, 24 


Jacobsite, 294 

Jasper, 274 

Jaspilite, 159, 282, 283 
Joffe, 143 

Joints, 49 
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Seta! 18, 24, 90, 2741, 273, 286, 
Kaolinization, 29 

Karlovich, V., 12 

Krivoy-Rog rocks, 86, 256 
Kurdyumov, V., 12 

Kursk Magnetic Anomaly, 88, 205 
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Labradorite, 283, 290, 295, 304 
Lamé’s constant, 109 
Laplace’s equation, 135 
Laplacian operator, 109, 134 
Lasers, 236 
Lattice points, 16, 70 
Laue’s method, 34 
Leaching, 41-2, 49, 120 
Lead, 120, 277, 285 
Legendre’s principle, 37 
Levinson-Lessing, F., 12 
Lichtennecker’s formula, 178, 179 
Lime, 54 
Limestone(s), 20, 21, 59, 60, 62, 64, 
68, 76, 85, 88, 96, 115, 116, 4140, 
144, 179, 193, 214, 234, 244, 253, 
274, 277, 278, 280, 283, 284, 285, 
286, 288, 290, 291, 292, 299 
Limiting modulus of strain, 83 
Limit of elasticity, 82, 86, 87 
Limonite, 271, 273, 290, 291, 294 
Linear expansion coefficient, 23, 27, 77 
Liparite, 24, 274 
Listvenites, 283 
Loams, 19, 92, 98, 143, 284 
Loess, 92, 93, 98 
Lomonosov, M., 14 
Longitudinal profiling, 123 
Longitudinal waves, 108, 109, 110, 
413, 122 
velocity of, 114, 115, 118, 119, 
122, 128, 130, 131, 285 
Long-time elastic limit, 89 
Long-time strength, 88, 89, 90 
Loosened rock, characteristics of, 49-52 
Looseness factor (coefficient), 26, 49, 
50, 51, 279 
Lower limit of plasticity, 26, 84 
Luminescence, 221, 237, 292 
Luminescence anasysis, 221 
Lyophile rocks, 94 
Lyophobe rocks, 91 
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Macroscopic polarization, 174 
Macrostructure, 18, 70 
Magnesioferrite, 294 

Magnesite, 271, 272, 273, 294 
Magnetic anomalies, 205, 220 
Magnetic breakdown, 236 

Magnetic dipoles, 201, 202, 203 
Magnetic field, 28, 32, 168, 199 
Magnetic field strength (intensity), 200 


Magnetic flux density, 202 

Magnetic induction, 200, 204 

Magnetic (induction) method, 235 

Magnetic losses, 235 

Magnetic moment, 2041, 202 

Magnetic ores, 204 

Mag ioue permeability, 24, 27, 205, 
7 

Magnetic properties, 200-5, 294 

Magnetic susceptibility, 202, 294 


Magnetite, 47, 138, 155, 175, 224, 
ais 277, 287, 288, 290, 291, 294, 
3 

Magnetization, 32, 201 

intensity of, 204 

Magnetostrictive drill, 127 

Magnetostrictive generators 

_ mitters), 124 

Malachite, 90, 273 

Marble, 21, 55, 62, 72, 138, 140, 144, 
150, 159, 179, 233, 274, 277, 282, 
283, 285, 286, 288, 290, 291, 300 

Marcasite, 287 

Marl, 88, 98, 116, 118, 274, 284, 299 

Martite hornfels, 253, 277 

Massive structure, 419 

Mass transfer, 163 

Matcrial field, 28, 34 

Matrix, 64, 74 

Maxwell, 68 

Maxwell’s equations (for electric and 
magnetic fields), 206-7 

Maxwell’s formula, 178 

Maxwell’s law, 244 

Maxwell-Wagner polarization, 174 

Mechanical field, 28, 34 

Moctonea! properties, }23, 44-105, 

Megohmmeter, 199 

Melting, 41, 42, 49 

Melting points, of minerals, 287 

of rocks, 287 

Mercury, 42, 165 

Metallic bond, 16, 17 

Metamorphic minerals, 18 


(trans- 


Metamorphic rocks, 21, 29, 47, 60, 
95, 96, 274 
Metamorphism, 21, 47, 72 
Methods of rock breaking, 38 
Mica, 15, 17, 20,30, 74, 120, 144, 
149, 190, 227, 272, 286, 288, 295 
Microcline, 271, 290, 296, 3014 
Microfracturing, 29, 73, 77 
Microslip, 70 
Microstructure, 63 
Mineral, def., 415 
Mineral aggregate, 17 
Mineral composition, 18, 28, 29, 
32f, 57, 150, 273 
Mineral skeleton, 30, 34, 44, 116, 
180, 193, 194 
Minerals, accessory, 15 
classification of, 18 
distribution of, 415 
essential, 15 
gaseous, 15 
liquid, 15 
ore, 15 
solid, 15 
Mineral wax, 42, 274 
Mining certificates, for rocks, 262f 
Mirabilite, 277 
Modulus of elasticity, 27, 57, 60, 
62, 63, 70, 278 
dynamic, 63, 66 
static, 63, 66 
Modulus of plasticity, 102 
Modulus of rigidity, see 
modulus 
Mohr’s theory of strength of mate- 
rials, 68-9 
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“Mohr stress circle, 53, 54, 68-9 


Mohs’ scale of hardness, 101, 281-2 
Moiré patterns, 54 
Moisture capacity, 25 

capillary, 92 

molecular, 91, 93, 98 

total, 92, 93 
Moisture content, 25, 51, 75, 77, 84, 

143, 158, 194, 198 

natural, 93, 98 

volumetric, 75, 143, 180 
Molecular bond, 16, 17 
Molecular forces of attraction, 90, 95 
Molecular moisture capacity, 94 
Molybdenite, 272, 288 
Molybdenum, 224 
Monocrystals (single crystals), 138, 179 
Montmorillonite, 93, 295 
Monzonites, 20, 273, 290 
Muscovite, 18, 271, 272, 291, 295, 304 
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Native elements, 18 

Natural electrical fields, 199, 244 

Natural leaching, 41 

Natural moisture content, 25 

Natural temperature fields, 153 

Nepheline, 21, 154, 183, 272, 296, 304 

Nepheline-syenite, 47, 274 

Neutron generators, 244 

Neutrons, 244 

Newton’s second law, 107 

Nitrates, 239 

Non-breaking strain, 54, 55 

Non-stationary (unsteady-state) heat 
flow, 135, 166 

peneunitors (non-homogeneous) field, 


O 


Obsidian, 145. 297 

Oersted (unit), 200 

Ohm’s law, 170, 222 

Oil shale, 274 

Olivine, 48, 47, 57, 741, 271, 272, 
287, 291, 294 

Opal, 90, 212, 277, 294 

Optical methods, 54, 224 

Optical polarization, 176 

Optical properties, 214-2 

Ore dressing, 237 

Ore minerals, 15 

Orientation rolarization, 
476, 177 

Orpiment, 287 

Orthoclase, 155, 271, 272, 287, 291, 
296, 301 

Oscillograph, 129 

SasdaHou-reduction processes, 174, 

Oxides, 18 

Oxy-acid salts, 18 
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Packing, 46 
Paramagnetic minerals, 291 
Paramagnetic rocks, 203 
Peat, 98 
Pegmatite, 274, 294 
Pellicular moisture capacity, 91 
Percolation, 
coefficient of, 94 
rate of, 94 


Periclase, 185 

ee 21, 47, 114, 274, 283, 285, 
Permeameter, 97 

Permittivity, 169 

Petrography, 13, 19, 20, 154 
Petroleum, 180 

Phase shift, 114 

Phenocrysts, 73, 297, 298 
Phlogopite, 304 

Phonolite, 274 

Phonon conduction, 133 
Phonons, 133, 134, 138, 145 
Phosphorite, 299 

Photoelectric effect, 212 
Physically bound water, 90, 91 
Physical properties, 22-42, 271 
Physicochemical extraction, 40 
Picrite, 274 

Picrite-porphyrite, 274 
Piezoelectric constant, 183 
Piezoelectric effect, 176, 182, 220 
Piezoelectric generators, 124 

y iperoclaee: 20, 271, 272, 273, 291, 


Plagiogranites, 20 
Planes of weakness, 30, 70 
Planck’s constant, 133, 242 
Plastic deformation, 78, 82, 83, 85 
Plastic flow, 68, 82, 86 
Plasticity, 66, 82, 84 
coefficient of, 23, 83 
lower limit of, 26 
modulus of, 102 
number, 84 
upper limit of, 26 
Plastic modulus, 83 
Plastic properties, 82f 
Plastic strain (deformation), 55, 65, 87 
Poise, 94 
Poiseuille’s equation, 94-5 
Poisson’s ratio, 23, 27, 56, 57, 61, 64, 
66, 114, 117, 122, 274, 278 
Polarizability, 172 
Polarization, 17, 32 
Polarization, 171-6, 184, 194 
atomic (ionic), 172, 173, 176, 177 
electronic, 172, 176, 177 
orientation, 172, 173, 176, 177 
space-charge, 172, 174, 4177 
Polarizaton vector, 174 
Polarizing microscope, 33 
Polycrystalline aggregates, 17, 193 
Polycrystals, 138, 179, 4183 
Polymorphic transformation, 154 
Pondermotive effect, 205 
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Pores, 45-6, 94, 95 
average diameter of, 94 
capillary, 46, 95 
shape of, 46, 95, 141 
subcapillary, 46, 95 
supercapillary, 46 
Porosity, 21, 22, 23, 27, 37, 45, 48, 
49, 72, 74, 93, 97, 142, 148, 150, 
279 
eran 46 
effect on physical properties, 30 
and Poisson’s ratio, 64 
total, 45 
and velocity of longitudinal wa- 
ves, 145 
and Young’s modulus, 58, 59 
Porphyritic texture, 19, 20, 73 
Porphyry, 274, 283 
Potash feldspars, 18, 273, 296 
Potential gradient, 168 
Power factor, 27, 184, 185, 186, 187, 
289, 290 
Primary pores, 45 
Primary processing, 38, 40 
Protodyakonov, M., 12, 100 
Protodyakonov’s scale (of 
strength), 25, 79, 101, 280-1 
Pyrite, 17, 18, 41, 57, 138, 175, 190, 
191, 224, 271, 277, 286, 288, 290, 
291, 294, 304 
Pyrochlore, 184 
Pyroelectric effect, 183 
Pyroelectric minerals, 183 
Pyrolusite, 184, 203, 291 
Pyroxene-garnet skarn, 118 
Pyroxene hornfels, 288 
Pyroxenes, 15, 47, 71, 
295 
Pyroxenite, 21, 47, 274, 298 
Pyrrhotite, 175, 191, 196, 272, 283, 
287, 288, 291, 294 
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271, 291, 
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Quantum theory, 188 
Quarry benches, 98 
Quartz, 15, 17, 18, 20, 47, 71, 84, 
137, 138, 139, 144, 145, 149, 179, 
182, 183, 190, 193, 244, 274, 272, 
273, 282, 285, 286, 287, 288, 290, 
291, 292, 304 
a-, 64, 150 
B-, 64, 150 : 
fused, 64, 146, 167, 196, 285, 290 
Poisson’s ratio, 64 


polymorphic transformation of, 
specific gravity of, 47, 74 
ulamate compressive strength of, 


Young’s modulus, 57 
Quartz diorites, 20, 47 
Quartz-feldspar porphyry, 154 
Quartzite, 21, 55, 59, 62, 64, 72, 96, 
101, 147, 150, 159, 179, 183, 254, 
274, 277, 280, 282, 283, 286, 288, 300 
Quartzic sandstone, 140, 277, 279, 299 
Quartz monzonites, 20, 144, 297 
Quartz-porphyry, 21, 158, 182, 187, 
274, 280, 288, 289 
Quartz-sericitic schist, 86, 277 
Quartz syenites, 20 
Quasi-elastic polarization, 173 
Quasi-plasticity, 82 
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BadiaHon method (shadow method), 
Radiation properties, 24, 239-45 
Radiation (heat transfer), 144 
Radioactive elements, 241 
Radioactive isotopes, 241 
Radioactivity, 244 
Radiography, 240 
Radium, 241 
Reactive (charging) current, 184 
Realgar, 287 - 
Reducers of hardness, 96 
Reduction, 41, 42, 163, 165 
Reflecting ability (reflectivity), 221 
Reflecting stratum, 125, 126 
Reflection, 112, 413, 124 
total, 113 
Refraction, 112, 113 
’ angle of, 113 
Refractive index, 110, 1413, 115, 121, 
240, 244 
Regions (zones) of rock deformations, 
55° 


Rehbinder, 70 

Rehbinder’s theory, 73 

Relative permeability, 201 

Relative permittivity, 24, 27, 169, 
174, 176ff 

Relaxation, 63, 87 

Relaxation time (polarization), 173, 
174, 181, 194 

Relaxation time (stress), 87 

Remagnetization, 235 
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Remanent magnetization, 203 
Residual stresses, 53 
Resistivity, 23, 27, 190, 191, 274 


Rheological properties, 22, 44, 85 
Rhodonite, 287 
Whodoniie: Won eetonttergere skarn, 
Rhyolite, 297 
Rigidity, 24, 26, 102, 282-3 
Rigidity modulus, 56, 64, 65, 278 
Rochelle salt, 183, 244 
Rock, 18 
Rock bursts, 80 
Rock mechanics, 22 
Rock physics, 12-4 
Rocks, acidic, 21, 57, 274 
argillaceous, 18, 46, 75, 76, 77, 
93, 97, 274, 280 
basic, 21, 57, 59, 641, 274 
crystalline, 63 
elastic (brittle), 55 
elastic-plastic, 55 
elastic constants, 23, 56-66 
friable, 18, 50 
igneous, 24, 46, 47, 95, 96, 274 
intermediate, 24, O74 
layered, 60 
metamorphic, 21, 60, 95, 96, 274 
non-porous, 59, 164 
plastic, 55 
Poisson's ratio, 64 
porous, 58, 60, 62, 143, 
180, 1841, 197 
sedimentary, 21, 46, 47, 60, 76, 
415, 274 
specific gravity of, 47 
ultrabasic, 21, 57, 274 
volcanic, 46, 77 
Rock salt, 42, 138, 147, 149, 291, 299 
Rockwell test, 104 
Rutherford (unit), 242 
Rutile, 272, 287, 294 


142, 
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Saltpetre, 42 

Sand, 18, 92, 119, 279, 285 

Sandstones, 19, 24, 59, 60, 78, 89, 
116, 118, 119, 159, 193, 198, 231, 
254, 274, @77, 278, 279, 280, 282, 
283, 288, 286, 288 

Sandy shales, 88 

Scalar indices, 28 

Scheelite, 18, 224, 237, 272, 296 

Schistosity, 30 


Schists, 21, 96, 148, 274, 280, 290 

Secant modulus of strain, 83 

Secondary crushing, 40 

Secondary pores, 45-6 

Sedimentary minerals, 18 

Sedimentary rocks, 21, 29, 46, 47, 
60, 76, 115, 274 

Seismic waves, 109, 125, 126 

Semiconductors, 170, 184, 188, 189, 
190, 196, 290 

Serpentine, 18, 24, 274, 295 

Serpentinites, 78, 116, 283, 
299 

Severgin, V., 12 

Shales, 64, 197, 200, 278, 283, 284, 
285, 290 

Shearing strain, 54 

Shear (rigidity) modulus, 56, 65, 278 

Shock waves, 128 

Shore (scleroscope) test, 102 

Shrinkage, 26 

Shrinkage stresses, 53 

eden 47, 155, 203, 288, 290, 291, 

Silica content, 21 

Silicates, 18 

Silicon, 290 

Siltstones, 85, 90, 274, 278, 280, 
285, 299 . 

Silver, 18, 42, 137, 285 

Single crystal, 16, 17, 138 

err 114, 274, 282, 283, 285, 288, 

Skin effect, 195 

Slackening, 39 

Slates, 253, 290 

Slip plane, 70, 82 

Smithsonite, 287 

Softening, 26, 95 

coefficient, 76, 279 

Soil mechanics, 12 

Solid state pliyeice 76, 82, 146 

Solubility, 96, 

Sound velocity, 14, 415, 119 

Source-receiver distance, 125, 126 

Spe cree polarization, 172, 174, 
7 


Specific gravity, 27, 28, 44-5, 48, 274 
apparent, 23, 37, 45, 48 
table of, 277 
units, 45 
shee heat, 23, 27, 132, 4141, 145, 
Specific resistance, 23 
Specific wave (acoustic) impedance, 
112, 114, 115, 119, 285 


288, 


318 INDEX 


Sphalerite, 18, 183, 272, 273, 283, 
287, 288, 290, 291, 294 
Spinel, 185, 294 
Spodumene, 15 
Standard (rms) deviation, 35 
State of complex stress, 67, 68 
Static hardness, 104 
Static modulus of elasticity, 63, 66 
Stationary (steady-state) heat flow, 
135, 165, 166 
Stokes-Kirchhoff formula, 141 
Strain(s), 44, 54-6 
breaking, 44, 83 
curves, 59, 60 
elastic, 55, 60, 82 
lateral, 56 
longitudinal, 56 
modulus of, 60 
non-breaking, 54, 55 
principal stages of, 85-6 
recoverable, 44, 65 
residual, 59, 60, 82 
shearing, 54 
tensile, 54 
tensor, 54 
total, 60, 86 
types of, 55 
Strain gauges, 81, 167 
Strain tensor, 54 
Stratiform structure, 19 
Stratification, 21, 22, 29, 30 
Strength, 22, 67-82, 277 
compressive, 23, 24, 70, 71, 72, 
80, 89 
long-time, 88, 89 
tensile, 23, 24, 26, 70, 84 
Stress(es), 44, 52-6, 70, 78 
breaking, 73, 82 
complex, 67, 68 
components, 52, 53 
compressive, 62, 71, 80 
cubic (three-dimensional), 52 
distribution of, 53, 54 
intrinsic, 53 
Mohr circle, 53, 54, 68-9 
normal, 52, 53, 67, 69 
planar (two-dimensional), 52 
residual, 53 
shrinkage, 53 
tangential, 52, 53, 67 
tensile, 69, 71, 79 
tensor, 53 
thermal, 53, 77 
Stress relaxation, 86 
Stress tensor, 53 : 
Structure, 19 


Student’s coefficient 36, 
table of, 303 

Subcapillary pores, 46 

Sublimation, 44, 42, 163, 164 

Sulphates, 18, 41, 239 

Sulphide ores, 41, 54, 120, 154, 200 

Sulphides, 18 

Sulphur, 18, 42, 120, 149, 164, 182,. 
273, 286, 287, 288, 294 

Sulphuric acid, 41 

Supercapillary pores, 46 

Syenite, 20, 34, 47, 118, 144, 4185, 
195, 274, 278, 283, 285, 287, 288, 
289, 290 

Syenite-aplite, 173, 298 

Syenite-porphyry, 274 

Sylvinite, 42, 274 : e 

Sylvite, 17, 18, 138, @538477, 190, 
273, 291, 296 oo ‘ 


* Swelling, 26, 88, 95-6: ye ** 
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Talc, 18, 21, 90, 101, 274, 281, 295. 

Tale schist, 274, 300 

Tarkhov’s scleroscope, 66, 102 

Technological properties, 24, . 25-6, 
44, 282 

Telluric currents, 199 

mee aaa conductivity, 135, 148, 

Temperature distribution, 135, 136 

Temperature gradient, 134, 140, 165 

Temperature resistance, 24 

Tensile strain, 54 

Tensile strength, 23, 24, 26, 70, 84 

Tensile stresses, 69, 71, 77, 79, 156. 
157, 159 

Tensile testing machine, 84 

Tension, 63 

uniaxial, 67 

Tensor indices, 28 

Terrameter, 199 

Texture, 19, 297-300 

Thawing, 163 

Theory of elasticity, 56, 59 

Theory of electric field, 168-71 

eo of maximum shearing stresses, 
7. 

Theory of maximum straigs 6% 

Theory of normal stresse 

a neores of strength of materials, 
67- 

Thermal breaking, 159-62 

Thermal breakdown, 222-4 
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Thermal conductivity, 23, 27, 134, 
136, 137, 138, 139, 140, 144, 144, 
271, 285-6 

Thermal drilling, 164 

Thermal energy, 133 

Thermal expansion, 27, 137, 150 

Thermal expansion coefficients, 4137, 
150, 155 : 

Thermal (heat) field, 28, 32, 167 

Thermal logging, 153, 154 

Thermal properties, 23, 137ff, 285-6 

Thermal stresses, 53, 77, 152, 155-9 

Thermoadhesive method. (ore dres- 
sing), 237 

Thermochemical stability (coals), 152 

Thermodrillability, 4137, 164 

Thermodynamics of rocks, 132ff 

use of,* 4 guxilliary operations, 
1§2-3, aS 

Thermogram,Ghermolog), 153, 154 

Thermography » 39 

Thermo-spectrum analysis, 35 

Thixotropy, 92, 121, 127 

Thorium, 244 

Time-distance curve, 125 

Titanomagnetite, 204, 294 

Topaz, 282 

Total dipole moment, 173 

Total polarization, 175 

mer (internal) reflection, 113, 129, 

Total strain, 86 

Toughness, 25, 76, 84, 102, 282 

Tourmaline, 183 

Trachyte, 21, 46, 274 

Transverse waves, 109, 110, 113, 116 

velocity of, 114, 119, 130, 134 

Travel time, 129 

Tremolite-wollastonite skarn, 64, 154, 
196, 289 

Triaxial compression, 63, 78 

Triboelectricity, 184 

Tripolite, 24 

Tuff, 46, 283, 284, 297 

Armenian, 60 

Tungstates, 18 

Turbo-sonic drills, 127 


U 
* 
Ultimate “hing strength, 72 
Ultimate compressive eirenge 23, 65, 
67, 74, 76, 79, 83, 402, 234, 
278 
Ultimate long-time strength, 88, 89 
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ine shearing strength, 67, 69, 

Ultimate strengths, 67, 70 

Ultimate tensile strength, 23, 67, 72, 
75, 841, 102, 

Ultrabasic rocks, 21 

Ultrasonic transmitter 
123, 167 

Ultrasonic waves, 96, 120, 124 

cor ude 419, 120, 1241, 124, 128, 

Underground distillation of shales, 
163, 164 

Underground electrolysis, 42 

Underground gasification of coal, 163 

Underground leaching of ores, 44 

Underground melting of sulphur, 164 

Uniform (homogeneous) field, 225 

Unit force of cutting, 25, 284 


(generator), 


. Upper limit of plasticity, 26, 84 


Uranium, 241 


Vv 


Vacancies, in crystals, 70 

Valence band, 188, 190 

Valence electrons, 17 

van der Waals forces, 16 

Variational curves, 36 

Vermiculite, 93 

Vibrations (crystal lattice), 

Vickers test, 104 

Voids, 46 

Volume conductivity, 190 

Volume expansion, 109 

Volume expansion coefficient, 28 

Volume magnetic susceptibility, 202 

Volume resistivity, 190, 193, 198 

Volumetric heat capacity, 145, 146, 
147, 148 

nerumenic moisture content, 75, 143, 
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Wagner’s theory, 223 

Water, 117, 122, 141, 143, 144, 180, 291 

Water drainage, 92 

Water impermeability, 84 

Water of constitution, 90 

Water of erystallization, 90, 185, 245 

Water of imbibition, 92 

Water permeability, 25, 94, 95, 97, 
99, 100 

Water table, line of, 92 
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Wave equation, 108 

Wave impedance, 112 

Wettability, 26, 84, 90 

Wetting, 84, 90, 97, 143, 179, 187 
Wetting capacity, 26, 98 

Willerite, 294 

Wolframite, 272 

Wollastonite, 212, 273, 283, 287 
Wurtzite, 272, 287, 294 
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X-ray diffraction (interference method), 
X-ray flaw detection, 240 
X-ray microscope, 240 

X-ray pattern, 34 

X-rays, 34, 35, 239, 240, 243 
X-ray spectrum analysis, 33, 34 


Y 


Yield of gas, 98 
Yield of volatiles (coals), 152 
Yield of water, 26, 93, 98 
Young’s modulus, 23, 56, 57, 58, 59, 
60, 61, 62, 63, 64, 65, 66, 78, 84, 83, 
87, 101, 114, 122, 156, 157, 274, 278 
and porosity, 58 
and pressure, 52-3 
temperature dependences of, 64 
and ultimate compressive 
strength, 65 


Z 


Zinc, 138, 287 
Zinc blende, 183 


. Zincite, 287 rary 
® 


Zone of elasticity, 85 
Zones of rock deformation, 55, 83 


ABOUT THE AUTHORS 


Viadimir Rzhevsky, Corr. Mem. 
USSR Academy of Sciences, 
D. Tech. Sc., is Rector of the 
Moscow Mining Institute and a 
specialist in the technology, 
mechanization, and automation ot 
mining and in the physics of rocks. 
He is the author or editor of many 
textbooks and other publications 
in these fields, including works on 
ultrasonic control and research in 
mining, and the classification and 
certification of rocks’ by their | 
physical properties. {.° 


Gottfried Novik, Cand. Tech. 
Sc., is reader in rock physics at 
the Moscow Mining Institute. 
_Apart from the investigation of 
the physical properties of rocks, 
the main line of his work is the 
breaking and melting of rock by 
means of high-frequency currents. 
He has published around 50 pa- 
pers on his research. 








